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Cx43-mediated sorting of miRNAs into extracellular
vesicles
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Abstract

Through the exchange of lipids, proteins, and nucleic acids, extra-
cellular vesicles (EV) allow for cell–cell communication across
distant cells and tissues to regulate a wide range of physiological
and pathological processes. Although some molecular mediators
have been discovered, the mechanisms underlying the selective
sorting of miRNAs into EV remain elusive. Previous studies demon-
strated that connexin43 (Cx43) forms functional channels at the EV
surface, mediating the communication with recipient cells. Here,
we show that Cx43 participates in the selective sorting of miRNAs
into EV through a process that can also involve RNA-binding
proteins. We provide evidence that Cx43 can directly bind to speci-
fic miRNAs, namely those containing stable secondary structure
elements, including miR-133b. Furthermore, Cx43 facilitates the
delivery of EV-miRNAs into recipient cells. Phenotypically, we show
that Cx43-mediated EV-miRNAs sorting modulates autophagy.
Overall, our study ascribes another biological role to Cx43, that is,
the selective incorporation of miRNAs into EV, which potentially
modulates multiple biological processes in target cells and may
have implications for human health and disease.
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Introduction

Extracellular vesicles (EV) are nanosized particles that act as major

vehicles for exchange of information across distant cells and tissues,

without requiring cell-to-cell contact (Wolf, 1967; Ribeiro-Rodrigues

et al, 2017b). EV can carry a wide variety of macromolecules,

including lipids, proteins, mRNA, and microRNAs (miRNAs). An

increasing attention has been given to EV-enclosed miRNAs,

because of their role in modulating multiple biological processes

in target cells, including cell senescence, angiogenesis, and

autophagy, involved in diverse human diseases (Balkom et al, 2013;

Ribeiro-Rodrigues et al, 2017a; Zhou et al, 2019).

Although initially considered as a rather random process, ample

evidence now indicates that the EV-mediated flow of information is

highly specific and regulated, with the sorting of signaling mole-

cules, namely miRNAs, being thoroughly scrutinized during EV

biogenesis. The first protein to be implicated in miRNAs delivery to

EV was heterogeneous nuclear ribonucleoprotein (hnRNP)-A2B1,

whose sumoylation regulated selective recognition and incorpora-

tion of miRNAs into EV (Villarroya-Beltri et al, 2013). Later, synap-

totagmin binding cytoplasmic RNA interacting protein (SYNCRIP;

also known as hnRNPQ), Y-box protein (YBX)-1, major vault

protein (MVP), human antigen R (HuR), Mex-3 RNA binding family

member C (MEX3C), Lupus La protein, Alyref, and Fus were also

demonstrated to select miRNAs to be delivered into EV (Mukherjee

et al, 2016; Santangelo et al, 2016; Shurtleff et al, 2016; Teng et al,

2017; Hobor et al, 2018; Temoche-Diaz et al, 2019; Garcia-Martin

et al, 2022). For hnRNPA2B1, hnRNPQ and La protein, primary

sequences for miRNAs recognition were identified (GGAG, GGCU

and UUU, respectively), all of them being preferentially localized in

the 30-end of miRNAs (Villarroya-Beltri et al, 2013; Santangelo et al,

2016; Temoche-Diaz et al, 2019). These findings suggest that dif-

ferent RNA-binding proteins display sequence-specific EV sorting

capacities, which may underlie cell type- or stimulus-specific mech-

anisms (Garcia-Martin et al, 2022). On the other hand, Koppers-

Lalic et al (2014) demonstrated that post-transcriptional modifi-

cations on miRNAs, namely 30-end uridylation, modulate their selec-

tive incorporation into EV.

Several studies have further demonstrated that miRNAs sorting

is highly determined by the cellular physiological state. For
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example, cell activation-induced changes in the levels of miRNAs

target levels in EV-producing cells were shown to modulate the

enrichment of miRNAs in secreted EV (Baer et al, 2014). Moreover,

aberrant KRAS signaling was described to induce phosphorylation

of protein argonaute 2 (Ago2), with a consequent increased secre-

tion of specific Ago2-miRNAs complexes into EV (McKenzie et al,

2016). More recently, the membrane protein caveolin-1 was shown

to control the traffic of hnRNPA2B1-miRNAs complexes towards EV

under oxidative stress, while the autophagy protein LC3 was

involved in loading diverse RNA-binding proteins into vesicles,

thereby modulating their RNA landscape (Lee et al, 2019; Leidal

et al, 2020). Despite inaugural studies have shed some light on the

molecular mechanisms and signaling pathways involved in the

selective package of miRNA, this is a topic that is now in its infancy

with many unexplored aspects demanding further elucidation.

Given the complexity and selectivity of the process, it is likely that

other proteins, namely membrane proteins, contribute to miRNAs

sorting into EV.

Seminal studies from our group have demonstrated that the

gap junction (GJ) protein connexin43 (Cx43) forms functional

hexameric structures at the EV surface, which facilitates the rapid

release of vesicle content into recipient cells, thus constituting an

alternative mechanism of information flow between EV and target

cells (Soares et al, 2015). Furthermore, ubiquitination, previously

shown by our laboratory to target gap junctions for autophagy

degradation, also signals the sorting of Cx43 into EV, suggesting

an orchestrated crosstalk between autophagy and EV sorting as

part of a protein quality control strategy (Martins-Marques et al,

2015b, 2020b). Strikingly, we unveiled that the levels of Cx43

were decreased both in EV secreted by cardiomyocytes subjected

to ischemia and in circulating EV after myocardial infarction,

posing as a potential disease biomarker (Martins-Marques et al,

2020b).

Our previous proteomic studies revealed that the Cx43 interac-

tome includes various RNA-binding proteins with a critical role in

the selective sorting of EV-miRNAs, including hnRNPA2B1 and

hnRNPQ (Martins-Marques et al, 2015a). Moreover, several RNA-

binding motifs were predicted in the Cx43 sequence, ascribing novel

and unanticipated functions to this protein (Varela-Eirin et al,

2017). Hence, in the present work, we hypothesize that, besides its

role in cell–cell communication and EV-cell interaction, Cx43 plays

unconventional biological functions upon the selection of specific

miRNAs for secretion.

Results

Cx43 modulates the selective sorting of miRNAs into EV

Previous studies from our lab have elucidated the mechanisms

whereby Cx43 is sorted into EV, as well as the role of Cx43-containing

vesicles as therapeutic vehicles (Martins-Marques et al, 2016, 2020b).

In the present study, we hypothesized that Cx43 modulates the selec-

tive sorting of cargo into EV, namely in terms of miRNAs. To address

that, we profiled the expression levels of 752 miRNAs in EV isolated

from HEK293 cells expressing or not Cx43—EVCx43+ or EVCx43�.
Results depicted on Fig 1A show that 11 miRNAs were differentially

represented in EVCx43+ and EVCx43� (P < 0.1). Of these, 7 miRNAs

were selectively enriched in EVCx43+—miR-410, miR-199a-3p, let-7d-

3p, miR-133b, miR-744-3p, miR-335-3p, let-7g-5p, whereas 4 miRNAs

were downregulated in EVCx43+—miR-300, miR-24-3p, miR-454-3p,

miR-509-3p. In contrast, the changes in miRNAs levels between cells

expressing or not Cx43 were less pronounced than in EV (Fig EV1A),

suggesting that Cx43 participates in the selective sorting of EV-

enclosed miRNAs. The total protein content, RNA levels, concentration

or vesicle size did not present significant differences (Fig EV1B–F).

Pathway enrichment analysis associate miRNAs enriched in

Cx43-containing EV with circadian rhythm, focal adhesion, autop-

hagy, and multiple signaling pathways, including mitogen-activated

protein kinase (MAPK) and Forkhead box O (FoxO) (Fig 1B). Gene

ontology (GO)-term enrichment analysis links overrepresented

miRNAs in EVCx43+ to vascular wound healing and phosphatase

activity (Fig EV2A–C). To validate our enrichment analysis in vitro,

we proceed to assess the biological impact of EV-enclosed miRNAs,

following incubation of HEK293 cells with either EVCx43+ or EVCx43�,
upon autophagy activation. Our results show that in cells stimulated

with EVCx43+, treatment with the lysosomal inhibitor Bafilomycin A1

resulted in an increased accumulation of LC3-II, when comparing

with EVCx43�, suggesting that the miRNAs repertoire of EVCx43+

enhances autophagy flux (Fig 1C). In parallel, the number of GFP-

LC3 puncta in serum-starved cells following incubation with EVCx43+

was decreased (Fig EV3A), likely reflecting an increased lysosomal

degradation of autophagic structures in recipient cells. To discard a

cell-specific effect, these data were validated using EV obtained from

a different cell line, C33a. Since C33a cells endogenously express

Cx43, we knocked-out (KO) Cx43 using CRISPR/Cas9, after which

EV were isolated from either the parental (EVCx43-WT) or the KO cells

(EVCx43-KO). Results on Fig EV3B show that C33a-derived EVCx43-WT

▸Figure 1. Cx43 modulates the selective sorting of miRNAs into extracellular vesicles.

A EV produced by HEK293 cells expressing or not Cx43 (EVCx43+ or EVCx43�) were purified by differential ultracentrifugation. miRNAs expression profile analysis in EVCx43+

(represented as fold increase over EVCx43�).
B Pathway enrichment analysis for the predicted targets of the over-represented miRNAs in Cx43-containing EV.
C HEK293 cells were incubated with 5 µg of purified EVCx43� or EVCx43+ for 24 h, in the presence or absence of Bafilomycin A1 (Baf) in the last 6 h. The levels of LC3

were analyzed by WB and are depicted on graph (LC3-II; n = 4 biological replicates).
D miRNA-centered regulatory network established by the miRNAs enriched in Cx43-containing EV. The figure represents predicted targets that are simultaneously regu-

lated by 3 or more of the selected miRNAs. The size of the symbols is proportional to the number of established functional connections. miRNA-regulatory are repre-
sented by grey edges. Protein–protein interactions obtained from STRING database are depicted in black lines.

E HEK293 cells were incubated with EVCx43� or EVCx43+ for 24 h before WB analysis of ATP2A2/SERCA2, a predicted target of miRNAs enriched in Cx43-containing EV.
Graph depicts quantification of ATP2A2/SERCA2 levels (n = 4 biological replicates).

Data information: P-values were derived by Mann–Whitney test. Bars and error bars indicate mean � SD in all graphs.
Source data are available online for this figure.

2 of 17 EMBO reports 23: e54312 | 2022 ª 2022 The Authors

EMBO reports Tania Martins-Marques et al



A

C

D

E

B

Figure 1.

ª 2022 The Authors EMBO reports 23: e54312 | 2022 3 of 17

Tania Martins-Marques et al EMBO reports



also increase autophagy flux, when comparing with EVCx43-KO,

consistent with a general effect elicited by Cx43-containing EV,

regardless of their cellular origin.

Since the regulatory effects of miRNAs can be exerted both on

gene expression and on the protein interactions network, we

performed a bioinformatic target prediction and protein–protein

interaction analysis to uncover the potential biological significance

of EVCx43-enriched miRNAs (Fig 1D). Considering predicted targets

that are simultaneously regulated by three or more of the selected

miRNAs, we next sought to validate one of these hits - ATP2A2/

SERCA2A. Our results demonstrate that the protein levels of

ATP2A2/SERCA2A were significantly reduced in cells receiving

Cx43-containing EV from either HEK293 or C33a cells, when

comparing with cells incubated with EV devoid of Cx43 (Figs 1E

and EV3C), corroborating the suitability of our in silico approach.

miRNAs enriched in Cx43-containing EV are highly structured

Next, to determine the structural characteristics of the different

miRNAs enriched in Cx43-containing EV, we modelled the corre-

sponding 3D structures by applying the RNA Composer algorithm

(Popenda et al, 2012). The results depicted in Fig 2, show the

presence of stable structural elements in some of the miRNAs

enriched in Cx43-containing vesicles, comprising double-stranded

hairpin loops formed by canonical Watson–Crick base pairings.

These elements are clearly defined in the case of miR-133b, miR-

410, miR-199a-3p, and miR-744-3p. On the contrary, the miRNAs

downregulated in the analyzed Cx43-containing EV show an

extended conformation with no apparent secondary structure

elements, which would confer a flexible and linear structure to

these miRNAs.

Figure 2. miRNAs enriched in Cx43-containing extracellular vesicles are highly structured.

Modelling of the 3D structure of mature miRNAs enriched in both EVCx43+ (red) and EVCx43� (green). Figure depicts each miRNAs structure, as well as the values of total
energy [E(total)], van der Waals energy [E(VDW)] and electrostatic energy [E(elec)].
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The levels of miR-133b and miR-199-3p are increased in Cx43-
containing EV

Previous studies demonstrated that the RNA binding proteins

hnRNPA2B1 and hnRNPQ (also known as SYNCRIP) participate in

the selective incorporation of miRNAs in EV, through the recognition

of specific miRNAs sequences (Villarroya-Beltri et al, 2013; Santan-

gelo et al, 2016). Grounded on our previous proteomic study unveil-

ing the interaction of Cx43 with multiple hnRNPs in rat hearts,

including hnRNPA2B1 and hnRNPQ, we hypothesized that a

concerted action between these proteins underlies the selective

incorporation of miRNAs in Cx43-containing EV (Martins-Marques

et al, 2015a). To address this, we started by evaluating whether Cx43

associates with hnRNPA2B1 and hnRNPQ in HEK293 and C33a cells.

Co-immunoprecipitation and fluorescence microscopy assays

demonstrate that Cx43 interacted and co-localized with hnRNPA2B1

and hnRNPQ in both cell lines (Figs 3A and B, and EV4A–C).

Next, we validated the miRNAs profiling results by RT-qPCR, by

evaluating the levels of three overrepresented miRNAs in Cx43

containing EV—miR-133b, miR-199-3p, and miR-410, and one of the

downregulated miRNAs—miR-509-3p, in both cells and EV with or

without Cx43. Our results show that miR-133b was significantly

upregulated in Cx43-containing EV released by HEK293 and C33a

cells, whereas no differences were found in the miR-133b levels in

producing cells (Figs 4A and B, and EV5A and E). Cx43-positive EV

secreted by C33a cells were also enriched in miR-199-3p, while the

levels of miR-410 presented a trend towards an increase, with no

differences in EV-producing cells (Fig EV5B, C, F and G). On the

other hand, the levels of secreted miR-509-3p were identical in all

populations of EV and their corresponding producing cells (Figs 4C

and D, and EV5D and H).

We also performed shRNA-mediated knockdown of either

hnRNPA2B1 or hnRNPQ (Appendix Fig S1A), after which we evalu-

ated the levels of secreted miRNAs in EV containing or not Cx43.

Our results demonstrate that knockdown of either RNA-binding

protein did not significantly affect the secretion of miR-133b, miR-

199a-3p, miR-410, and miR-509-3p within Cx43-positive EV (Figs 4A

and C, and EV5A–D). Nonetheless, there was an increase in the

release of miR-133b and miR-199-3p in EVCx43-KO produced by

hnRNPA2B1-knockdown C33a cells (Fig EV5A and B), and a

decrease of miR-509-3p in EVCx43� derived from hnRNPQ-

knockdown HEK293 cells (Fig 4C), suggesting that hnRNPs can

modulate the selective sorting of EV-miRNAs independently of the

presence of Cx43, which may also be cell-type specific.

In addition, we overexpressed GFP-tagged hnRNPA2B1 or

hnRNPQ in HEK293Cx43+ and HEK293Cx43� cells (Appendix Fig S1B),

A B

Figure 3. Cx43 interacts with hnRNPA2B1 and hnRNPQ.

A Cx43 was immunoprecipitated (IP) from HEK293Cx43+ cells, after which interaction with hnRNPA2B1 and hnRNPQ was analyzed by WB.
B Co-localization between Cx43 (green) and hnRNPA2B1 or hnRNPQ (red) in C33a cells was analyzed by confocal microscopy. Scale bars 10 lm. Arrowheads in the inset

images highlight co-localization between Cx43 and hnRNPs.

Source data are available online for this figure.

▸Figure 4. The levels of miR-133b are increased in Cx43-containing extracellular vesicles.

A–D EV-producing cells expressing or not Cx43 (HEK293Cx43+ or HEK293Cx43�) were transiently transfected with shRNAs targeting hnRNPA2B1, hnRNPQ or non-target
shRNAs, for 48 h. miR-133b levels were assessed in EVCx43+ and EVCx43� (A; n = 6–12 biological replicates) and EV-producing cells (B; n = 4–9 biological replicates).
miR-509-3p levels were assessed in EVCx43+ and EVCx43� (C; n = 6–15 biological replicates) and EV-producing cells (D; n = 4–9 biological replicates).

E–H HEK293Cx43+ or HEK293Cx43� were transiently transfected with hnRNPA2B1-GFP, GFP-hnRNPQ or GFP alone, for 24 h. miR-133b levels were assessed in EVCx43+ and
EVCx43� (E; n = 4 biological replicates) and EV-producing cells (F; n = 3 biological replicates). miR-509-3p levels were assessed in EVCx43+ and EVCx43� (G; n = 4 bio-
logical replicates) and EV-producing cells (H; n = 3 biological replicates).

Data information: P-values were derived by Mann–Whitney test. Bars and error bars indicate mean � SD in all graphs.
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followed by the evaluation of the levels of miR-133b and miR-509-3p

in EV-producing cells and released vesicles. Results displayed on

Fig 4E show that the levels of miR-133b were significantly higher in

EV released by Cx43-containing cells overexpressing either

hnRNPA2B1-GFP, GFP-hnRNPQ or GFP alone, when compared with

the corresponding EVCx43�. Nonetheless, the overexpression of

A B

C D

E F

G H

Figure 4.
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either RNA-binding protein did not further increase the levels of

secreted miR-133b in EVCx43+, suggesting that the presence of Cx43 is

determinant for the release of this miRNA. The secretion of miR-509-

3p remained unchanged in all experimental conditions (Fig 4G).

Similar to what we observed in the knockdown experiments, the

levels of miR-133b and miR-509-3p in EV-producing cells were not

affected by the overexpression of hnRNPs (Fig 4F and H).

Cx43 participates in selective sorting of miR-133b

Cell-free assays were previously reported as suitable tools to investi-

gate MVB biogenesis and cargo sorting into intraluminal vesicles

(ILVs), including synthetic miRNAs (Shurtleff et al, 2016). There-

fore, we implemented an identical strategy to monitor the role of

Cx43 in miRNAs incorporation into vesicles. We started by validat-

ing the experimental procedure, monitoring the protection of a luci-

ferase fused to the Cx43 C-terminal, which is facing the intraluminal

side of the vesicles during ILV biogenesis (Appendix Fig S2A). For

that, we incubated cytosolic fractions of cells devoid of Cx43 with

membranes prepared from HEK293Cx43� transiently transfected with

Cx43-luciferase in the presence of its membrane-impermeable

substrates luciferin and ATP. Next, the reactions were treated with

trypsin, to digest non-incorporated luciferase, after which we

measured the remaining luciferase activity, derived from Cx43-

luciferase that was sequestered into vesicles during the assay

(Appendix Fig S2B). Results on Fig 5A show that maximum luci-

ferase protection was achieved by incubation at 30°C, being lost in

the presence of TX100, suggesting that our experimental setup is

suitable to mimic biogenesis of Cx43-containing vesicles in vitro.

To monitor the selective incorporation of miRNAs in Cx43-

positive vesicles, we performed incubation of membranes and

cytosolic proteins derived from either HEK293Cx43+ or HEK293Cx43�

cells with an ATP regenerating system, supplemented with synthetic

miR-133b or miR-509-3p. After incubation, reactions were either

treated or not with RNAse I to digest unpackaged miRNAs, followed

by quantification of protected miR-133b or miR-509-3p, by RT-

qPCR. Results displayed on Fig 5B demonstrate that the incorpora-

tion of miR-133b, but not of miR-509-3p, was higher in reactions

performed with membranes and cytosol from Cx43-expressing cells,

further corroborating the role of Cx43 in the selective sorting of

miR-133b to EV.

To evaluate whether Cx43 can bind to endogenous miR-133b, we

next performed UV crosslinking immunoprecipitation (CLIP) in

Cx43-expressing cells. Results presented on Fig 5C show that miR-

133b was specifically co-immunoprecipitated with Cx43, in contrast

with miR-509-3p. In addition, pull-down experiments using cellular

extracts and biotinylated miRNAs demonstrate that higher levels of

Cx43 were precipitated by biotin-tagged miR-133b, when compared

with miR-509-3p (Fig 5D).

To address the involvement of hnRNPA2B1 and hnRNPQ in the

interaction between Cx43 and miR-133b, we conducted an elec-

trophoretic mobility shift assay (EMSA) following incubation of

in vitro translated Cx43 and purified GST-hnRNPA2B1 or GST-

hnRNPQ proteins (Appendix Fig S2C and D), with Cy3-tagged

miRNAs. Importantly, WB analysis of in vitro translated Cx43

demonstrated that higher molecular weight forms of Cx43 could be

found in non-reducing conditions (Appendix Fig S2C), suggesting

the presence of Cx43 hexameric structures. Our data reveal that

Cx43 was able to specifically bind to miR-133b, which could be

prevented by an excess of unlabeled competitor (Fig 5E). Interest-

ingly, the presence of hnRNPs created greater shifted bands,

suggesting that binding to miR-133b involves a multiprotein

complex formed between Cx43 and hnRNPA2B1 or hnRNPQ

(Fig 5F). Nonetheless, binding of miR-133b to either hnRNP alone

appeared to be stronger than to Cx43 (Fig 5F, comparing lanes 5–6

with lane 2). On the other hand, binding to miR-509-3p also

occurred in the presence of the in vitro translation machinery alone

(Fig 5G and H), likely due to the establishment of non-specific

protein-miRNAs interactions.

Based on our in silico models, suggesting that Cx43 preferentially

binds to highly structured miRNAs, we perform targeted mutagene-

sis of miR-133b and miR-199-3p to abrogate their secondary struc-

ture (Appendix Fig S2E), after which we assessed the interaction

between Cx43-enriched membranes (Appendix Fig S2F) and Cy3-

tagged mutated miRNAs by EMSA. Results on Fig 5I show that

interaction with Cx43 is decreased following mutation of the miR-

199-3p secondary structure. In contrast, mutated miR-133b

presented increased binding to membranes, regardless of the pres-

ence of Cx43, suggesting that mutation of the secondary structure of

miR-133b can favor non-specific protein-miRNAs binding

(Appendix Fig S2G).

▸Figure 5. Cx43 participates in selective sorting of miR-133b.

A Cell free EV biogenesis was assessed by relative protection of Cx43-luciferase. Reactions were incubated at 4 or 30°C in the presence of membranes derived from
HEK293Cx43� transiently transfected with Cx43-luciferase and cytosol from HEK293Cx43� cells, except in the negative control. 1% TX100 was used to disrupt mem-
branes, where indicated (n = 3 biological replicates).

B Crude membranes and cytosol from broken HEK293Cx43+ or HEK293Cx43� cells were mixed in an ATP regenerating system, supplemented with synthetic miR-133b or
miR-509-3p, as indicated. Graph depicts the indicated miRNAs levels, assessed by RT-qPCR and represented as percent protected after RNAse I digestion of unincor-
porated miRNAs (n = 7–8 biological replicates).

C Co-immunoprecipitation of endogenous miR-133b and miR-509-3p following UV crosslinking immunoprecipitation (CLIP) of Cx43 (n = 3–5 biological replicates).
D WB analysis for Cx43 in samples derived by miRNAs pulldowns performed with whole lysates of HEK293Cx43+ cells and biotinylated miR-133b and miR-509-3p

(n = 5 biological replicates).
E–H EMSA was performed using either Cy3-labeled miR-133b (E,F) or miR-509-3p (G,H), and Cx43 produced by in vitro translation inserted into lipid nanodiscs, in the

presence or absence of recombinant GST-hnRNPA2B1 or GST-hnRNPQ, as indicated. For competition EMSA, an excess of unlabeled miR-133b or miR-509-3p was
used (competitor). Empty nanodiscs were used to control unspecific binding.

I EMSA was performed using either Cy3-labeled wild-type or mutant miR-199a-3p, and Cx43-enriched membranes prepared from C33a parental cells (Cx43+). Cx43�

membranes were used to control unspecific binding.

Data information: P-values were derived by Mann–Whitney test. Bars and error bars indicate mean � SD in all graphs.
Source data are available online for this figure.
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Next, we sought to address whether the N- (NT) and the C

terminus (CT) of Cx43 are the domains involved in Cx43-miRNAs

interaction. To assess that, we resorted to a microscopy-based

protein-miRNAs binding assay, in which beads were first coated

with GST-tagged Cx43 terminals, in the presence or not of GST-

hnRNPA2B1 or GST-hnRNPQ, followed by incubation with Cy3-

A
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D

B

Figure 5.
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labelled miRNAs. GST alone was used as negative control

(Appendix Fig S2H and I). The fluorescence intensity formed

around the beads reflects the interaction between the proteins and

either miR-133b or miR-509-3p. Representative images displayed in

Fig 6 show a strong interaction in the presence of both Cx43 and

one of the hnRNPs, regardless of the miRNA, suggesting that both

proteins are required for an efficient miRNAs binding. In agree-

ment, miRNAs binding was virtually absent when beads were

coated either with Cx43 terminals or with GST-hnRNPA2B1 alone.

A weak interaction was detected when GST-hnRNPQ-coated beads

were incubated with miR-509-3p, reinforcing the role of hnRNPQ

in binding to miR-509-3p suggested by our RT-qPCR data.

Cx43 facilitates the delivery of intraluminal RNAs to target cells

Results from our laboratory have previously demonstrated that the

presence of Cx43 facilitates the release of intraluminal EV cargo into

target cells (Soares et al, 2015). The results obtained up to this point

strongly support a role for Cx43 on the selective sorting of miRNAs

to be released in EV. However, it remains to be established whether

Figure 6. Interaction of Cx43 with miR-133b in vitro is increased in the presence of hnRNPA2B1 and hnRNPQ.

Representative maximum projection images of microscopy-based miRNA-protein interaction using beads coated with GST-tagged NT/CT-Cx43, hnRNPA2B1 or hnRNPQ,
as indicated, following the addition of Cy3-labelled miR-133b or miR-509-3p. Graph depicts quantification of total fluorescence/bead, as a measure of protein-miRNAs
binding. Scale bars 50 lm (n = 2 biological replicates; average of 23 beads analyzed/condition).
Data information: P-values were derived by Kruskal–Wallis (Dunn’s post hoc) test. Bars and error bars indicate mean � SD in all graphs.

Source data are available online for this figure.
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EV-Cx43 channels are also important to mediate the delivery of

RNA cargo to recipient cells. To address this, we loaded EVCx43+ or

EVCx43� with a fluorescent dye that labels total RNA, after which

labelled EV were incubated with HEK293Cx43+. Results depicted on

Fig 7A show that EVCx43+ were more efficient in delivering RNAs to

target cells, compared to EVCx43�, reinforcing the concept of Cx43 in

modulating the communication between EV and target cells, not

only through the selectively incorporation of EV cargo but also facil-

itating the release of intraluminal contents via Cx43 channels.

Discussion

Multiple lines of evidence have demonstrated that the biological

functions of Cx43 go far beyond the canonical role on GJ-mediated

communication between adjacent cells. In agreement, Cx43 was

shown to participate in the regulation of gene transcription,

ion channel trafficking and mitochondrial homeostasis (Martins-

Marques et al, 2019). Groundbreaking studies from our lab demon-

strated for the first time that Cx43 also plays a role in EV-mediated

long-distance communication (Soares et al, 2015). In the present

work, we provide further evidence supporting that Cx43 mediates

the selective sorting of miRNAs into EV, which may involve a direct

binding of Cx43 to specific miRNAs, or a concerted action with

RNA-binding proteins (working model in Fig 7B).

The results gathered in the present manuscript show that expres-

sion of Cx43 in EV-producing cells modulates the profile of secreted

miRNAs. Considering that EV-enclosed miRNAs can elicit biological

responses in target cells, it is conceivable that the Cx43-dependent

miRNAs signature of EV will impact on the phenotype and behavior

of receiving cells. Our bioinformatic analysis supports a role for

EVCx43+-enriched miRNAs in multiple signaling pathways and

biological processes, including circadian rhythm and autophagy. In

agreement, our results are consistent with a role for Cx43-

containing EV in increasing autophagy flux. The role of EV-enclosed

miRNAs upon modulation of autophagy is not without precedents.

In fact, it was previously shown that vesicular miR-210 leads to

autophagy suppression in lung fibroblasts, contributing to the

pathophysiology of chronic obstructive pulmonary disease (Fujita

et al, 2015), while macrophage EV enriched in miR-421-3p can acti-

vate autophagy, which was proposed as a potential therapeutic

strategy for spinal cord injury (Wang et al, 2020). Although further

studies are required to better understand the biological implications

of the miRNAs landscape of EVCx43+, our results also confirm that

Cx43-containing vesicles modulate the levels of ATP2A2/SERCA2A

in target cells, likely impacting on Ca2+ homeostasis. Since increased

cytosolic Ca2+ concentrations have been associated with stimulation

of autophagy, it is plausible that decreased levels of ATP2A2/

SERCA2A in cells treated with Cx43-containing EV may also contri-

bute to promote autophagy flux in those cells.

Although our first analysis by high-throughput low-density

arrays performed in HEK293 cells showed decreased levels of miR-

509-3p within EVCx43+, validation of this individual hit by RT-qPCR

revealed similar amounts in EV containing or not Cx43, likely as a

result of the increased signal-to-noise ratio obtained in single RT-

qPCR experiments. Furthermore, experiments on EV derived from

C33a cells confirmed that the presence of Cx43 did not impact the

release of miR-509-3p. In contrast, we provide compelling evidence

that secretion of miR-133b and miR-199a-3p were increased in

Cx43-containing EV, which was not affected by genetic manipula-

tion of either hnRNPA2B1 or hnRNPQ. Several explanations may be

attempted, including an upstream role of Cx43 in the selective sort-

ing mechanism of miR-133b and miR-199a-3p that may not be

shared by other miRNAs, the presence of active amounts of RNPs

after silencing, or redundant roles played by other RNA-binding

proteins. In fact, multiple proteins have been associated with selec-

tive sorting of EV-miRNAs, including YBX-1, MVP, HuR, MEX3C,

Lupus La, Alyref, and Fus. While proteomic studies from our lab

have previously identified the interaction between Cx43 and MVP, it

is currently unclear whether Cx43 can also interact with the other

RNA-binding proteins associated with EV-miRNAs incorporation

and if so, what could be the downstream effect of those protein–

protein interactions (Martins-Marques et al, 2015a). Surprisingly,

knockdown of hnRNPA2B1 in C33a cells increased the secretion of

A

B

Figure 7. Cx43 facilitates the delivery of intraluminal RNAs to target
cells.

A Equal amounts of EVCx43+ and EVCx43� labelled with SYTO® RNASelectTM

green fluorescent stain were incubated with HEK293Cx43+ cells for 30 min,
at 37°C. Scale bars 10 lm (n = 5 biological replicates). P-values were
derived by Mann-Whitney test.

B Working model for the role of Cx43 in mediating the selective sorting of
miRNAs into EV. Cx43 preferentially binds to miRNAs harboring a stable
secondary structure, mediating its selective incorporation into EV. Although
hnRNPs do not seem to directly participate in Cx43-dependent loading of
EV-miRNAs, they strength the binding of miRNAs to cx43, suggesting that a
multiprotein complex formed between RNA-binding proteins and Cx43 is
important to select miRNAs.
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miR-133b and miR-199-3p in EV devoid of Cx43, while hnRNPQ

knockdown in HEK293 cells decreased the release of miR-509-3p in

EV without Cx43, implicating these RNA-binding proteins in the

sorting of miRNAs in the absence of Cx43, an effect that also

appears to be cell-type specific. In agreement, recent studies demon-

strated that miRNAs secretion is a highly complex mechanism

involving the recognition of multiple sequence codes for EV release

and cellular retention, with the participation of various RNA-

binding proteins in a cell-type-specific manner (Garcia-Martin et al,

2022). Being cells from different origins—HEK293 is an embryonic

kidney cell line, while C33 is a tumor epithelial cell line—it is likely

that both biological functions and signals that govern miR-133b

secretion are different. For example, miR-133b acts as a tumor

suppressor in various cancers, including endometrial carcinoma,

being its levels diminished in tumor cells-derived EV (Cai et al,

2020; Liao et al, 2021). On the other hand, an increase of miR-133b

is implicated in renal disease (Sun et al, 2018). Despite being

conceivable that in the absence of both hnRNPA2B1/hnRNPQ and

Cx43 other compensatory mechanisms are activated to mediate the

selective sorting of EV-miRNA, further investigation is required to

better characterize possible synergistic and/or competition effects.

Previous reports have identified that the miRNAs motifs for

recognition by hnRNPA2B1 and hnRNPQ are different (Villarroya-

Beltri et al, 2013; Santangelo et al, 2016). Given that the miR-133b

sequence contains both motifs (GGAG and GGCU), competition

between these two RNA-binding proteins may also occur, ultimately

modulating EV cargo sorting. Our experimental evidences could also

be supported by the recent description of non-canonical functions of

some miRNAs, different from the negative post-transcriptional regu-

lation of coding genes (Yang et al, 2021). Belter and coworkers iden-

tified the presence of putative secondary structure elements in some

mature miRNAs sequences, which suggested their involvement in

aptamer-like interactions with proteins in other biological scenarios

(Belter et al, 2014). The existence of stable secondary structure

elements in the miRNAs enriched in Cx43-containing vesicles can

also contribute to their specific sorting, which was reinforced by our

data showing a decreased binding of Cx43 to a mutated miR-199-3p

with no secondary structure.

Our results using either CLIP in intact cells or pull-down experi-

ments demonstrate that Cx43 co-precipitates with miR-133b, which

was not observed with miR-509-3p. However, the use of cellular

extracts, rather than purified proteins, cannot guarantee that Cx43

directly interacts with miR-133b, being conceivable that RNA-

binding proteins bridge the association of Cx43 to miRNAs. In agree-

ment, it was previously described that interaction between the lyso-

somal membrane protein Lamp2c and hnRNPA1 mediates the

selective Lamp2c-dependent import of RNA into lysosomes (Fuji-

wara et al, 2013).

Our EMSA experiments demonstrate that binding of Cx43 to miR-

133b can occur in the absence of hnRNPs, despite a multiprotein

complex between Cx43 and hnRNPA2B1 or hnRNPQ increasing the

binding to miR-133b. Importantly, binding of miR-133b to either

hnRNPA2B1 or hnRNPQ in the absence of Cx43 was stronger when

compared with Cx43 alone. Although these in vitro studies, resort-

ing to purified proteins and nucleic acids, are vital to ascertain direct

protein-RNA binding, they do not recapitulate the cellular milieu,

where other miRNAs and proteins also exist and may compete for

common binding sites. In fact, while our in vitro data demonstrate

that the presence of Cx43 together with hnRNPA2B1/hnRNPQ

strengthens miRNAs binding, it does not translate into decreased

EV-miR-133b secreted by cultured cells, where both RNA-binding

proteins appear to be dispensable for selective sorting of miRNAs by

Cx43.

Surprisingly, when we used the purified NT/CT of Cx43, binding

to miR-133b only occurred when at least one hnRNP was present,

similarly to what is observed with miR-509-3p. Although previous

in silico analysis have uncovered several RNA-binding motifs in the

Cx43 sequence, namely in the CT and NT domains, additional

motifs can be found in the extracellular and intracellular loops of

the protein (Varela-Eirin et al, 2017). Since in this experimental

setup, binding selectivity to miR-133b over miR-509-3p was lost, it

is likely that (i) selectivity of miR-133b binding to Cx43 is conferred

by a different region within the protein, namely the intracellular

loops, (ii) the 3D-arrangement of the Cx43 channel, which cannot

be recapitulated in this assay, is required to confer selectivity for

miR-133b, and/or (iii) selectivity of miR binding to Cx43 requires

other proteins that are absent in this in vitro assay.

Sumoylation and hyperoxia-induced O-GlcNAc glycosylation of

hnRNPA2B1 were previously identified as important signals driving

specific miRNAs recognition and secretion (Villarroya-Beltri et al,

2013; Lee et al, 2019). Considering that many post-translational

modifications (PTMs) can occur in response to distinct environmen-

tal cues, the role of Cx43 and hnRNPs upon EV-miRNAs sorting

may change under different pathophysiological conditions. Cx43

can also be modified by a wide variety of PTMs, including phospho-

rylation, ubiquitination, and sumoylation, which have been related

with the modulation of Cx43 channel function, interactome, as well

as with the release of Cx43 into EV (Martins-Marques et al, 2020a,

2020b). We can also speculate that PTMs on Cx43 may affect its

binding to miRNAs and/or to hnRNPs, thus changing EV content,

analogously to what has been described for the caveolin-1/

hnRNPA2B1 interaction (Lee et al, 2019). Our previous proteomic

data demonstrated that heart ischemia and reperfusion modulate

the interaction between Cx43 and hnRNPA2B1 and hnRNPQ

(Martins-Marques et al, 2015a). In these conditions, we also demon-

strated that the release of Cx43 into EV was impaired (Martins-

Marques et al, 2020b). Nevertheless, it remains to be established

whether ischemia-induced changes on Cx43 impact on the sorting of

miRNAs into EV is dependent or not of the association with different

hnRNPs. Considering the effects of Cx43-enriched EV-miRNAs upon

Ca2+ signaling and autophagy in target cells, and the well-

established implications of these mechanisms in multiple human

diseases, including cardiac and neurodegenerative disorders such

and Alzheimer’s, Huntington´s, and Parkinson’s disease, it is

conceivable that disease-associated changes in the selective sorting

process result in a distinct profile of miRNAs secreted by unhealthy

cells, which, in turn, may significantly impact homeostasis, function

and behavior of target cells, thus contributing to disease spreading

and progression and/or mount an orchestrated repair approach. On

the other hand, the miRNA landscape of EV found in biological flu-

ids may also reflect Cx43-dependent miRNAs sorting under patho-

logical conditions, thus providing a clue about the disease-

associated mechanisms and opening the door for Cx43-targeted ther-

apies.

In addition to selective incorporation of miRNAs in EV, it is

tempting to speculate that changes in the Cx43 interactome under
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pathological conditions impact on the sorting of proteins to be

secreted, similar to what is described for the tetraspanin CD81,

which depletion impaired the release of CD81-interacting partners,

including ionic channels and Ras-related proteins (Perez-Hernandez

et al, 2013). Nonetheless, further studies are required to investigate

the role of Cx43 in protein sorting into EV.

Altogether, our work unveiled a novel biological role for Cx43

upon the selective sorting of miRNAs into EV, which may have

important implications for long-distance cell–cell communication in

health and disease.

Materials and Methods

Antibodies and chemicals

Antibodies against Calnexin (AB0041), CD63 (AB0047), Cx43

(AB0016), GAPDH (AB0049), GFP (AB0020) and GST (AB99919)

were obtained from SICGEN (Cantanhede, Portugal), and against

Flotillin-1 (sc-25506), CD81 (H-121, sc-9158), hnRNPA2B1 (sc-

374053) and hnRNPQ (I8E4, sc-56703) were from SCBT (Heidelberg,

Germany). Antibodies against Tsg101 (4A10, GTX70255) were

obtained from Gentex (Zeeland, MI, USA), against turboGFP (PA5-

22688) and LC3 (PA116931) were from Thermo Fisher Scientific

(Waltham, MA, USA), against ATP2A2/SERCA2 (4388S) were from

Cell Signaling Technology (Danvers, MA, USA). Unless stated other-

wise, all chemicals were obtained from Sigma-Aldrich (St. Louis,

MO, USA).

Cell cultures

Human embryonic kidney (HEK)-293 and C33a cells were cultured

in Dulbecco’s modified Eagle medium (DMEM, Gibco), supple-

mented with 10% FBS (Gibco, Thermo Fisher Scientific) and Peni-

cillin/Streptomycin (100 U/ml: 100 µg/ml), at 37°C under 5% CO2.

HEK293Cx43+ cell line was established as previously described

(Catarino et al, 2011). Briefly, HEK293 parental cells (HEK293Cx43�)
were transduced with the lentiviral vector pLenti6-prom-CMV-V5-

C1-Cx43. After 1 day, 8 lg/ml blasticidin was added to select trans-

duced cells. Knockout (KO) of Cx43 in parental C33a cells was

generated using our previously described protocol (Tishchenko

et al, 2020).

siRNA-mediated knockdown

Protein knockdown was achieved by general transfection after cells

reached 50–60% confluence. For transfection of 3 × 106 HEK293

cells, 3.5 µg shRNA was complexed with LipofectamineTM 2000

(Thermo Fisher Scientific), while 3 × 106 C33a cells were trans-

fected with 5.6 µg shRNA complexed with LipofectamineTM 3000

(Thermo Fisher Scientific), according to the manufacturer’s recom-

mendations. Experiments were performed 48 h after transfection.

shRNA targeting hnRNPA2B1 (Mission shRNA, TRCN0000001059;

target sequence: CAGAAATACCATACCATCAAT) and hnRNPQ

(Mission shRNA, TRCN0000275206; target sequence: GTATGAC-

GATTACTACTATTA) were purchased from Sigma-Aldrich. Non-

targeting scrambled sequences (Sigma-Aldrich) were used as

controls.

Plasmid constructions and cell transfection

Plasmids expressing Cx43-luciferase were generated by cloning the

appropriate luciferase cDNA into a pcDNA ENTR BP vector contain-

ing Cx43. Plasmids expressing GFP-hnRNPQ were generated by

cloning the appropriate hnRNPQ cDNA into a custom pcDNA ENTR

BP GFP C2 vector. Plasmid encoding for hnRNPA2B1-GFP

(turboGFP) was kindly provided by Dr Francisco Sanchez Madrid

(Villarroya-Beltri et al, 2013). Transient transfection of cells was

performed with LipofectamineTM 2000, according to the manufac-

turer. Experiments were performed 24 h after transfection.

EV isolation from cultured cells

EV-depleted medium was prepared by ultracentrifugation of 50%

FBS in the appropriate cell culture medium (120,000 g, 16 h) (Th�ery

et al, 2006; Soares et al, 2015). EV derived from cultured cells were

isolated from conditioned medium after culture in EV-depleted

medium. Harvested supernatants were subjected to differential

centrifugation at 4°C, starting with 300 g, for 10 min, followed by

16,500 g, for 20 min. Supernatants were filtered (0.22 lm filter

units, cellulose acetate) and ultracentrifuged at 120,000 g, for

70 min. EV pellets were resuspended in PBS. EV were characterized

by transmission electron microscopy (TEM) and nanoparticle track-

ing analysis (NTA).

miRNAs profiling and in silico functional analysis

Total RNA was extracted from purified EV using miRNeasy

Serum/Plasma Advanced Kit (Qiagen, Hilden, Germany), followed

by quality assessment using microfluidics chips to ensure rRNA

contamination level < 0.5% (Agilent, Bioanalyzer, RNA nano-

chip). miRNAs expression profiling of exosomes was evaluated by

high-throughput low-density arrays, based on real-time (RT)-PCR,

using the Exiqon miRCURYTM LNA system (Exiqon, Denmark).

Data from quantitative RT-PCR (RT-qPCR) were analyzed by the

Delta-Ct method with the DataAssist software (Thermo Fisher

Scientific). Adjusted P-values between sample groups were calcu-

lated by using Benjamin Hochberg False Discovery Rate (FDR).

miRNA-regulatory relationships were determined using mirDIP

algorithm (Tokar et al, 2018) and the enrichment analysis was

performed with Enrichr (Kuleshov et al, 2016). Protein–protein

interactions were obtained from STRING database (Szklarczyk

et al, 2019).

Mature miRNAs structure modelling

Selected sequences of the analyzed mature miRNAs were extracted

from the miRbase database v.22.1 (Kozomara & Griffiths-Jones,

2014). All the sequences were submitted to 3D structure modelling

by the Composer algorithm (Popenda et al, 2012). This algorithm is

designed as a pipeline that combines a the CentroidFold secondary

structure prediction algorithm (Sato et al, 2009), together with the

extraction of RNA tertiary structure elements from the FRABASE

database (Popenda et al, 2010) and the generation of the corre-

sponding 3D model in PDB format. All the obtained structures were

represented with the help of the Protein Imager software (Tomasello

et al, 2020).
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Western Blot (WB) analysis

In experiments where non-reducing conditions were required, b-
mercaptoethanol was omitted from the classical Laemmli buffer

used to denature the samples. Samples were separated by sodium

dodecyl sulfate/polyacrylamide gel electrophoresis (SDS-PAGE) and

transferred to nitrocellulose membranes (Bio-Rad, Hercules, CA,

USA). Membranes were blocked with 5% non-fat milk in Tris-

buffered saline-Tween 20 (TBS-T; 20 mM Tris, 150 mM NaCl, 0.2%

Tween 20, pH 7.6), probed with appropriate primary antibodies and

horseradish peroxidase (HRP)-conjugated secondary antibodies.

Proteins of interest were visualized by chemiluminescence using a

VersaDoc system (Bio-Rad). Densitometric quantification was

performed in unsaturated images using ImageJ (National Institutes

of Health, Bethesda, MD, USA).

Transmission electron microscopy (TEM)

EV and lipid nanodiscs were fixed with 2% PFA and deposited on

Formvar-carbon coated grids (TAAB Laboratories Equipment, Berks,

UK). Samples were washed with PBS and fixed with 1% glutaralde-

hyde for 5 min. Grids were washed with water, contrasted with an

uranyl-oxalate solution pH 7, for 5 min, and transferred to methyl-

cellulose—uranyl acetate for 10 min on ice, as previously described

(Soares et al, 2015; Martins-Marques et al, 2016). Images were

collected using a Tecnai G2 Spirit BioTWIN electron microscope

(FEI, Oregon, USA) at 80kV.

Nanoparticle tracking analysis (NTA)

EV were resuspended in 1 ml of PBS, after which NTA was

performed using NanoSight LM 10 instrument (NanoSight Ltd,

Malvern, United Kingdom). Analysis settings were optimized and

kept constant between samples and each video was analyzed to give

the mean size and estimated concentration of particles. Data were

processed using NTA 2.2 analytical software (NanoSight Ltd).

Immunoprecipitation (IP)

Cell lysates were prepared in RIPA buffer, containing protease inhi-

bitors (protease inhibitor cocktail (Roche), 2 mM PMSF, 10 mM

iodoacetamide, 2 mM sodium orthovanadate). IP were performed in

500 lg total protein lysates by incubation with the appropriate

primary antibodies (0.5 lg goat anti-Cx43, AB0016, Sicgen; 0.5 lg
mouse anti-hnRNPA2B1, sc-374053, SCBT; 1.0 lg mouse anti-

hnRNPQ, I8E4, sc-56703, SCBT) overnight, at 4°C under agitation.

Protein G Sepharose beads (GE Healthcare, Chicago, IL, USA) were

added and incubated for 1.5 h, at 4°C, followed by washing in RIPA

buffer. Complexes were eluted in Laemmli buffer and denatured at

95°C, for 5 min before WB analysis.

Fluorescence microscopy and immunostaining

Cells grown on fibronectin-coated coverslips were fixed in 4% PFA

for 10 min and permeabilized with 0.2% TX100 for 10 min. Speci-

mens were blocked with 2.5% BSA for 20 min, followed by incuba-

tion with appropriate primary antibodies overnight, at 4°C. Alexa

Fluor-conjugated secondary antibodies (Thermo Fisher Scientific)

were incubated for 1 h, at room temperature. All solutions were

made in 0.25% BSA. Nuclei were stained with DAPI. Specimens

were mounted with Mowiol 4-88 (Sigma-Aldrich). For controls,

primary antibodies were omitted. Images were analyzed by confocal

microscopy in a Zeiss LSM 710 (Carl Zeiss AG, Jena, Germany) with

a Plan-Apochromat 63×/1.4 Oil DIC M27 objective (Carl Zeiss AG).

For monitoring of autophagy, HEK293 cells transfected with GFP-

LC3 were treated with 5 µg of either EVCx43+ or EVCx43� for 24 h.

Cells were serum-starved for 6 h, before fixation in 4% PFA and

nuclei staining with DAPI. Microscopy images were obtained using

an Axio Observer.Z1 inverted microscope (Carl Zeiss AG) with a

Plan-Apochromat 63×/1.4 Oil DIC M27 objective (Carl Zeiss AG).

The number of GFP-LC3 punctated dots per cell (average of 30

cells/independent experiment) was quantified using ImageJ.

UV crosslinking immunoprecipitation (CLIP)

Cell monolayers were subjected to UV crosslinking (400 mJ/cm2),

followed by cell lysis (0.1% SDS, 0.5% sodium deoxycholate

(DOC), 0.5% NP-40 in PBS) containing 50 U/ml RNAse inhibitor

(NZYtech) and protease inhibitor cocktail (Roche). IP of Cx43 was

performed after dilution in IP buffer (1 mM EDTA pH 8.0, 0.5 mM

EGTA pH 8.0, 10 mM Tris-HCl pH 8.0, 1% Triton X-100, 0.1% DOC,

containing 50 U/ml RNAse inhibitor and protease inhibitor cocktail)

by incubation with the primary antibody (goat anti-Cx43, AB0016,

Sicgen) overnight, at 4°C under agitation. IP controls were

performed by incubation with goat anti-GFP antibodies (AB0020,

Sicgen). 10% of the lysate samples were kept for normalizing IP

fractions in the RT-qPCR assay. Protein G Sepharose beads (GE

Healthcare) were added and incubated for 2 h, at 4°C, followed by

sequential washing with low salt buffer (0.1% SDS, 1% Triton X-

100, 2 mM EDTA, 20 mM Tris-HCl pH 8.0, 150 mM NaCl), high salt

buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl

pH 8.0, 500 mM NaCl) and LiCl salt buffer (0.25 M LiCl, 1% DOC,

1% NP-40, 1 mM EDTA, 10 mM Tris-HCl pH 8.0). Complexes were

eluted (10 mM Tris-HCl pH 8.0, 1 mM EDTA pH 8.0, 1% SDS and

50 U/ml RNAse inhibitor), under heating at 65°C, followed by treat-

ment with 1.2 mg/ml Proteinase K (Thermo Fisher Scientific) for

2 h, at 50°C. RNA was extracted by phenol:chloroform:isoamyl alco-

hol (Sigma-Aldrich) before RT-qPCR analysis.

Quantification of miRNAs by RT-qPCR

Total RNA was isolated from EV using miRNeasy Serum/Plasma

Advanced Kit (Qiagen) and from cellular extracts using NZYol

(nzytech, Lisboa, Portugal). cDNA synthesis was performed with

the Universal miRCURY LNATM cDNA synthesis kit (Exiqon),

following manufacturer’s instructions. Quantification of selected

miRNAs by RT-qPCR was performed with specific LNA primers

(miRCURY LNA miRNA PCR Assays, Qiagen). Expression levels of

miR-133b, miR-199-3p, miR-410, and miR-509-3p are represented as

log2-DCt, using the U6 snRNA levels as reference.

Production of recombinant proteins

Glutathione S-transferase (GST), GST-hnRNPA2B1, GST-hnRNPQ

and GST-Cx43 N-terminal (GST-Cx43 NT) and GST-Cx43

C-Terminal (GST-Cx43 CT) were generated by cloning the
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appropriate cDNA into pGEX4T1 vectors. Recombinant proteins

were expressed in Escherichia coli BL21 (Thermo Fisher Scientific),

induced by 0.1 mM isopropyl b-D-1-thiogalactopyranoside (IPTG),

overnight at 20°C. GST-fusion proteins were purified using

GSTrapTM high-performance columns (GE Healthcare). GST-

hnRNPA2B1 was further purified by size exclusion chromatography

(SuperdexTM 200, GE Healthcare), whereas GST-hnRNPQ was

further purified by ionic exchange chromatography (Mono STM, GE

Healthcare). Cell-free synthesis of full-length Cx43 was performed

using the MembraneMaxTM protein expression system (Thermo

Fisher Scientific), according to manufacturer’s instructions.

Cell-free packaging assay

Preparation of cytosol and membrane extracts
HEK293Cx43� or HEK293Cx43+ cellular extracts were resuspended in

homogenization buffer (250 mM sorbitol, 137 mM NaCl, 5 mM

Tris-HCl, pH 7.4, supplemented with protease and phosphatase inhi-

bitors) and passed 15–20 times through a 23-gauge needle until

disruption of > 80% of the cells, as assessed by microscopy (Shurtl-

eff et al, 2016). On average, 4 µg/µl cytosolic fractions were

obtained from 6 × 106 HEK293 cells. Cell debris were discarded

after centrifugation at 1,500 g for 5 min. Supernatants were centri-

fuged at 15,000 g for 20 min, followed by 16,100 g for 30 min to

generate the cytosolic fraction (supernatant). Membrane pellet was

resuspended in homogenization buffer supplemented with 1 M LiCl,

followed by centrifugation at 16,100 g for 30 min, to generate the

membrane fraction (pellet).

Cell-free biogenesis assay

Membranes were prepared from HEK293Cx43� transiently trans-

fected with Cx43-luciferase and cytosol was prepared from

HEK293Cx43� cells. Biogenesis reactions consisted of 2 µg/µl (final

concentration) of cytosolic fraction, combined with 0.65 µg/µl (final

concentration) of membranes in incorporation buffer (16 mM KCl,

4 mM CaCl2, 300 µM MgOAc, 200 µM DTT, 2.5 mM HEPES pH 7.4)

and an ATP regeneration system (10 mM ATP, 2 mM creatine phos-

phate, 50 µg/ml creatine phosphokinase, 10 mM MgCl2). Reactions

were incubated for 20 min at 30°C, after which membranes were

pelleted at 15,000 g for 10 min, at 4°C, and resuspended in 0.5 mg/ml

trypsin (in PBS). Incubations proceeded for 1 h at 4°C to induce

cleavage of non-internalized Cx43-luciferase. Luciferase activity

was measured in opaque 96-well plates, after incubation for

2 min at room temperature, using a Biotek Synergy HT micro-

plate reader, analyzed with the Gen 5 software (Biotek). Luci-

ferase activity protection was used as a measure of vesicle

biogenesis, calculated as the relative ratio of relative light units

compared with a negative control reaction (without cytosol, at

4°C in the presence of 1% TX100).

Cell-free miRNAs packaging assay

2 µg/µl (final concentration) of cytosolic fraction were combined

with 0.65 µg/µl (final concentration) of membranes in incorporation

buffer and an ATP regeneration system, as described above. Where

indicated, 1 µM synthetic miR-133b or miR-509-3p (Sigma-Aldrich)

were added to the reaction mix and incubated for 30 min at 30°C.

Reactions were placed on ice, followed by an additional incubation

with 10 µg RNAse I (Sigma-Aldrich) for 20 min at 30°C to degrade

non-incorporated miRNAs. RNAse I was omitted in the “no RNase”

control samples. Reactions were immediately stopped by the addi-

tion of NZYol, followed by RNA extraction before RT-qPCR. Percent

protection was calculated comparing the Ct of the indicated miRNAs

in the RNase-treated samples with the “no RNase” control reaction

(2-(Ctexperimental-Ctcontrol)), with the “no RNase” control set to 100%.

miRNAs pull-down

Biotin-labelling of synthetic miR-133b (UUUGGUCCCCUUCAAC-

CAGCUA) and miR-509-3p (UGAUUGGUACGUCUGUGGGUAG) was

performed using PierceTM Biotin 30 End DNA Labeling Kit (Thermo

Fisher Scientific), according to manufacturer’s instructions. 3 × 106

HEK293Cx43+ cells were lysed in RIPA buffer, containing protease

inhibitors (protease inhibitor cocktail, 2 mM PMSF, 10 mM iodoac-

etamide and 2 mM sodium orthovanadate), followed by centrifuga-

tion at 1,000 g for 5 min. Supernatants were pre-cleared by

incubation with 15 µl neutravidin beads for 1 h, at 4°C. Cleared

lysates were diluted in TBS-T supplemented with 1 mM EDTA. Incu-

bation with 0.1 µg biotinylated miR-133b or miR-509-3p, where

indicated, proceeded for 1 h, at 4°C. Pull-down of biotinylated

complexes was performed on neutravidin beads for 1 h, at 4°C.

Beads were washed with TBS-T and final pellets resuspended in

Laemmli buffer and denatured at 95°C, for 5 min before WB analysis.

Electrophoretic mobility shift assay (EMSA)

5 pmol Cy3-labelled miRNAs (wild-type miR-133b, sequence:

UUUGGUCCCCUUCAACCAGCUA; mutant miR-133b, sequence:

UUUCGUCCCCUUCAACCAGCUA; wild-type miR-509-3p, sequence:

UGAUUGGUACGUCUGUGGGUAG; wild-type miR-199-3p, sequence:

ACAGUAGUCUGCACAUUGGUUA; mutant miR-199-3p, sequence:

AUAGUAGUCUGCACAUUGGUUA, Eurofins Scientific, Luxembourg)

were incubated with 2 lg purified GST-hnRNPA2B1, GST-hnRNPQ,

in vitro translated Cx43 and/or 10 lg of membrane extracts

prepared from C33a parental or Cx43-knockout cells, as detailed in

the "cell-free biogenesis assay" section. Binding reactions were

performed in EMSA binding buffer (10 mM Tris-HCl pH 7.5, 1 mM

EDTA, 100 mM KCl, 5% glycerol, 0.01 mg/ml BSA), for 1 h at

30°C. For competition EMSA, 100 pmol of unlabeled miRNAs were

used. Binding reactions were run in a 10% polyacrylamide gel for

1 h at 10 V/cm2, followed by transfer to nylon membranes and fluo-

rescence detection in a TyphoonTM laser-scanner platform

(GE Healthcare) (Hellman & Fried, 2007).

Microscopy-based protein-miRNAs binding assay

5 µl of glutathione Sepharose 4B beads slurry (GE Healthcare) were

added to a mixture of GST-fused bait proteins (GST-Cx43-NT, GST-

Cx43-CT, GST-hnRNPA2B1 and/or GST-hnRNPQ, as indicated) and

incubated for 1 h, at 4°C under agitation. In each experimental

condition, the total amount of recombinant protein used was 20 µg

(1:1:1 ratio, using GST in experimental conditions with only one

bait protein). Beads were washed with 150 mM NaCl, 50 mM Tris

at pH 7.4, after which they were resuspended in 6 µl of the same

buffer. 10 µl of a 5 µM miRNAs prey solution (Cy3-miR-133b or
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Cy3-miR-509-3p), was plated into the well of a 384-well glass-

bottom microplate (Greiner Bio-One, Frickenhausen, Germany),

after which 10% of the bait solution was added and allowed to equi-

librate for 30 min. Specimens were imaged on a confocal micro-

scope (Zeiss LSM 710, Carl Zeiss AG) with a Plan-Apochromat 20×/

0.8 M27 objective (Carl Zeiss AG). As a measure of protein-miRNAs

binding, total fluorescence/bead was quantified in maximal projec-

tion images (of acquired z-stacks), following background subtrac-

tion using ImageJ.

EV loading

5 µg of purified EVCx43+ or EVCx43� were incubated with 10 µM

SYTO� RNASelectTM green fluorescent stain (Thermo Fisher Scien-

tific) for 20 min, at 37°C. Unincorporated dye was removed with

Exosome Spin Columns (MW 3000; Thermo Fisher Scientific),

according to manufacturer’s instructions. Labeled EV were incu-

bated with HEK293Cx43+ for 30 min, at 37°C. Cells were fixed with

4% paraformaldehyde (PFA) and nuclei were stained with DAPI

(40,6-diamidino-2-phenylindole). Microscopy images were obtained

using an Axio Observer.Z1 inverted microscope. Total fluorescence

in EV-recipient cells was quantified using ImageJ, as a measure of

EV-mediated transfer of fluorescent RNA.

Statistical analyses

Data represent are expressed as individual data points with

mean � SD. Independent variables were analyzed by Mann–

Whitney test, whereas Kruskal–Wallis (Dunn’s post hoc) was

used for multiple comparisons. All analyses were performed with

GraphPad Prism 6.01.

Data availability

This study includes no data deposited in external repositories. Data

supporting the findings of this study are available from the authors

upon reasonable request.

Expanded View for this article is available online.
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