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eLife Assessment

This study presents valuable findings by demonstrating that specific GPCR subtypes
induce distinct extracellular vesicle miRNA signatures, highlighting a potential novel
mechanism for intercellular communication with implications for receptor pharmacology
within the field. The evidence is solid, however, more experiments are needed to
determine whether the distinct extracellular vesicle miRNA signatures result from GPCR-
dependent miRNA expression or GPCR-dependent incorporation of miRNAs into
extracellular vesicles.

https://doi.org/10.7554/eLife.107865.2.sa3

Abstract

All cells secrete extracellular vesicles (EVs) containing nucleic acid cargo, including microRNAs
(miRNAs), that regulate the function of receiving cells. G protein-coupled receptors (GPCRs) affect
intracellular function via multiple signaling cascades. However, the mechanisms of GPCR
intercellular signaling through EV miRNA activity are unknown. Human U2 osteosarcoma cells
expressing native GPCRs were used to selectively stimulate distinct G protein signaling cascades
(Gay, Gog, Gayy/13, and B-arrestin) by members of specific receptor subclasses including the
adenosine receptor A1 (ADORA1), the histamine receptor H1 (HRH1), the frizzled class receptor 4
(FZD4), and the atypical chemokine receptor 3 (ACKR3), respectively. We hypothesized that
stimulation of specific classes of GPCRs would cause the release of EVs containing miRNAs with
receptor-specific up- or down-regulated expression, affecting unique pathological downstream
signaling cascades. Receptor-specific agonists dose-dependently increased respective signaling
cascade intermediates. We found no change in the quantity of EVs (~200nm diameter), but there
were distinct EV miRNA signatures following stimulation of GPCRs. Network analyses of
differentially expressed miRNA and their predicted targets validated the linkage between specific
receptors and cell function and pathological states. The data can be used to reverse engineer
mechanisms involving EV miRNAs for various physiological and pathological processes. GPCRs are
major pharmacological targets, so understanding the mechanisms that stimulate or inhibit GPCR-
mediated changes in extracellular miRNA signatures could improve long- and short-term
therapeutic and unwanted drug effects.

Summary

Stimulation of specific GPCRs elicited unique EV miRNA signatures that up- and down-regulated
predicted biological and pathological cellular processes.
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Significance Statement

G protein-coupled receptors (GPCR) are therapeutic targets for various human diseases. However,
the mechanisms of GPCR signaling through extracellular vesicle (EV) miRNA activity are unknown.
Here, we identified unique EV miRNA signatures resulting from GPCR activation. The miRNA
functional analyses indicate that the downstream signaling effects and their functional networks
differ by receptor. This study has important implications for developing new drugs and their long-
term and “off-target” effects.

Visual Abstract

Stimulation of G protein-coupled receptors activates
extracellular vesicle microRNA signatures

EVs with miRNAs

Extracellular vesicles m.‘]ﬂ G protein-coupled receptors wf:nicroRNAs

Introduction

G protein-coupled receptors (GPCRs) comprise a protein superfamily with five major branches:
glutamate, rhodopsin, adhesion, frizzled/taste 2, and secretin (Stevens et al., 2013(%). These
transmembrane proteins transduce neurotransmitter signals from outside the cell to affect
internal cellular function (Stevens et al., 2013 @). Translation of extracellular signals to
intracellular biochemical cascades is a multistep process involving specific receptor-ligand
interactions, conformational changes allowing interactions with regulatory G proteins such as,
Ga, Gag, Gayp/13, and B-arrestin, and activation of specific effector systems (Asher et al., 2022 (2;
Heydenreich et al., 2023 ). GPCR function or malfunction is implicated in numerous human
diseases, and approximately 700 medications are designed to target GPCRs and related proteins
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(Sriram & Insel, 2018#) and to alter cellular activity. In addition to the canonical intracellular
protein cascades, GPCR signaling is both a precursor and effector of extracellular mechanisms of
communication (Bebelman et al., 2020®).

EVs are a heterogeneous population of membrane vesicles that are classified into exosomes,
microvesicles, and apoptotic bodies based on their biogenesis, release pathways, size, content, and
function (Doyle & Wang, 20197 ; Palmisano et al., 2012 ). EVs transport a range of molecules
such as nucleic acids including microRNAs (miRNA), lipids, and proteins associated with the cell
lipid membrane such as GPCRs (Kahn et al., 2017 3; Mack et al., 2000 (3). GPCRs and EVs have
interacting functions since EV biogenesis and release can be regulated by GPCR stimulation, and
EVs can contribute to GPCR signaling (Kriebel et al., 2018 ™3 ; Frederik Johannes Verweij et al.,

Conrad et al., 2020(Z; Lee et al., 2023 ). However, the effects of stimulating specific GPCR
subclasses, in head-to-head comparisons, on EV content and subsequent alteration of receiving cell
function remain to be elucidated (Tetta et al., 20132).

MiRNAs are small non-coding RNAs (Tabara et al., 2002 @) and play crucial roles in plant and
animal physiology, including development (Zhang et al., 2015). They are implicated in symptoms
of pathology at the intersection of substance use and HIV (Odegaard et al., 20202), Alzheimer’s
disease (Sandau et al., 2022 (%), and diabetes (Chao et al., 2023 #%). MiRNAs function by

translationally repressing target mRNA transcripts. The human genome includes approximately

complex genetic networks. However, whether GPCRs are post-transcriptionally affected by
miRNAs is controversial (Ofer & Linial, 2022 @3 ; Orr-Burks et al., 2021 &@).

Many drugs that stimulate GPCRs affect EV miRNA disposition. For example, ethanol potentiates
GABA-A receptor function and alters EV miRNA expression (Bourgeois et al., 2023 ®).
Methamphetamine use alters groups of human plasma EV miRNAs (Sandau et al., 2020 ®).
Bombesin receptor subtype 3 stimulation results in its own incorporation into EVs and alteration
of RhoA function in receiving cells (Z. Wang et al., 2022 (7). GPCRs affect EV secretion and miRNA
expression pertaining to platelet aggregation, function, and activation (Ambrose et al., 20182, Jin
et al,, 2022 (¥). Additionally, stimulation of CXCR7, a chemokine receptor, results in expression
changes of specific miRNAs related to colorectal cancer metastasis. However, it is unknown if
stimulation of specific GPCR subclasses affects EV miRNA content to alter downstream cellular
communication, as well as signal cascades involved in physiology and disease. Using U20S cells,
we examined the effects of stimulating the adenosine receptor A1 (ADORA1), the histamine
receptor H1 (HRH1), and atypical chemokine receptor 3 (ACKR3), members of the Rhodopsin-like
GPCR family, as well as the frizzled class receptor 4 (FZD4). These receptors are Ga;-, Gag-, B-
arrestin-, and Gayy/13-coupled, respectively. Stimulation resulted in the release of EVs with unique
miRNA signatures. Network analyses of EV miRNA target transcripts showed both up- and down-
regulation of protein cascades involved in physiological and pathological states of cell function.
This work demonstrates the large-scale genetic influence of miRNA arrays as a product of GPCR
stimulation and can be used to characterize down-stream pharmacological effects of receptor-drug
interactions.

Results
GPCR expression in U20S cells

To characterize the effect of GPCR stimulation on EV miRNA content, we examined GPCR
expression in different cell lines from The Human Protein Atlas (Karlsson et al., 2021 (3). We
determined that the human osteosarcoma cell line, U20S, likely expressed receptors from multiple
branches of the GPCR family tree (https:/www.proteinatlas.org/search/U20S+cells@), including
rhodopsin, adhesion, and frizzle/taste receptors, each associated with differing G-protein cascade
activation (Supplemental Tab. S1 ). Numerous other cell lines including U-251MG, A-431 and SH-
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SYS5Y, were considered but not used because they did not highly express a significant spread of
receptor subtypes (Supplemental Tab. S1%). Additionally, we avoided the use of transfected or
over-expressing cells because the transfection and selection protocols could have their own effects
on EV synthesis, expression, and cargo selection (Im et al., 2019 ; Németh et al., 20172 ; Nordin,
2022 (2). The protein expression data of U20S cells provided by the Human Protein Atlas database

indicated that ADORA1, HRH1, ACKR3, and FZD4 were expressed at levels sufficient to
demonstrate second messenger system activity, i.e., function.

The expression of these receptors in U20S cells was further validated through various functional
assays. 2-Chloro-N®-cyclopentyladenosine (CCPA), an ADORAT1 selective agonist, dose-dependently
inhibited forskolin-induced cAMP levels (Fig. 1A(%). The inhibition of cAMP by CCPA was reduced
by antagonist 8-Cyclopentyl-1,3-dipropylxanthine (DPCPX), suggesting that the decreased cAMP
level resulted from ADORA1 activation. The activation of HRH1 was assessed by measuring inositol
monophosphate (IP1) accumulation following 2-pyridylethylamine dihydrochloride (PEA)
stimulation, and the effect was abolished by the HRH1 antagonist cetirizine (Fig. 1B%). To
evaluate the function of FZD4, we measured the activity of alkaline phosphatase (ALP), the
downstream gene product of the Wnt/B-catenin signaling cascade. Norrin, another FZD4 agonist,
has high affinity (Xu et al., 2004 % ). However, Norrin is difficult to purify from mammalian
sources (Perez-Vilar & Hill, 1997 (7). We found the commercially available Norrin (R&D Systems)
did not stimulate FZD4 (data not shown). Although Wnt family member 3A (Wnt3A) can bind to
several members of the frizzled receptor family, it has much higher affinity binding at FZD4 than
FZD8 (Kozielewicz et al., 2021 @), and both are expressed in U20S cells. Therefore, we used Wnt3A

as the FZD4 ligand. Wnt3A significantly increased ALP activity compared to the vehicle control

were normalized to total ERK1/2 as shown on the immunoblot (Supplemental Fig. S2(%). Thus, we
selected a dose of 10uM of CCPA, 200uM of PEA, 100ng/ml of Wnt3A and SDF-1a to selectively
stimulate ADORA1, HRH1, FZD4, and ACKR3, respectively.

EV characterization from U20S cells

First, we evaluated native U20S EVs isolated from the culture media using ultrafiltration followed
by size exclusion chromatography (SEC). The immunoblot revealed the presence of EV surface
detected EV cytosolic markers syntenin (Kugeratskletal 2021 @) and flotillin-1 in individual
fractions 7-9. In addition, calnexin, an endoplasmic reticulum marker and a negative EV control,
was absent in fractions 7-9 (Fig. 2A%). All EV markers were absent in the media control sample,

which suggested that the SEC fractions 7-9 were enriched in EVs from U20S cells. The pooled EV-
enriched fractions 7-9 were assessed for vesicle shape and size by TEM, which revealed vesicular

and size distributions using fluorescence nanoparticle tracking analysis (f-NTA), which enhances
the detection of membrane vesicles by incorporation of a fluorophore into the EV lipid membrane.
The average concentration of EVs in U20S culture supernatant was 6x10° particles/mL (Fig. 2C,

not derived from the host cell (Lehrich et al., 2021 @). Therefore, media control samples were
included in all subsequent experiments to avoid any miRNA artifacts caused by serum. The size of
EVs ranged from 50-500 nm with no significant difference in the median diameter between the
media control (214 £14.41nm) and U20S-exposed media (237+ 5.17 nm) (Fig. 2C3). We also
compared the EV concentration in various GPCR agonist treatment groups with their vehicle
controls. Notably, the EVs from agonist-treated samples and vehicle controls exhibited similar
concentration and size, with median diameter ranging from 210-240nm (Supplemental Fig. S3(2).

Therefore, the pooled EV-enriched SEC fractions 7-9 were used for further miRNA assessment.
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Figure 1. GPCR activation in U20S cells by selective agonists
(A) Dose-dependent cAMP accumulation after ADORA1 activation with agonist, CCPA, or inhibition with antagonist DPCPX
(5uM). (B) Dose-dependent IP1 accumulation after PEA stimulation of HRH1 and inhibition by Cetirizine (1uM). (C) ALP activity
after stimulation of FZD4 by Wnt3a. (D) The ratio of phosphorylated ERK1/2 (pERK1/2) by total ERK 1/2 (tERK1/2) after
stimulation of ACKR3 by SDF-1a. For all graphs, data are shown as mean + SD, with n=3 independent repeats, each having
duplicate determinants, ns=not significant, *p < 0.05, **p < 0.01, ***p < 0.001 vs vehicle control (VC). Statistical significances
were determined by one way or two-way ANOVA of receptors by agonists or antagonists and post-hoc Tukey or Sidak testing
for multiple comparisons.
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Figure 2. Characterization of EVs isolated from U20S cell culture media

(A) Representative immunoblots of EVs isolated by SEC from U20S cell culture media (U2) but not from media control (MC)
show detection of EV markers including CD9, CD63, CD81, flotillin, and syntenin, in EV fractions 7-9. Endoplasmic reticulum
marker, calnexin, was not detected in the EV fractions. (B) Representative images from transmission electron microscopy of
isolated EVs (red arrows) from pooled EV-enriched fractions 7-9. (C) Size distribution of pooled EV fractions 7-9 isolated from
MC and U2. (D) Quantification of pooled EV fractions 7-9 of MC and U2 measured by f-NTA. Data are shown as mean + SEM,
n=7-8. A Student’s t-test determined significant differences in the EV concentration between the MC and U2, *p < 0.05.
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EV miRNAs differentially expressed following GPCR stimulation

We utilized high-throughput miRNA arrays to identify EV miRNA signatures following receptor
activation. To analyze the EV miRNAs from stimulated receptors and avoid any confusion posed by
the miRNA content in the media from non-stimulated cells, we excluded any miRNAs that were
only present in the media control (Supplemental Table. S2 @) or were changed less than 10-fold (<
3.3 PCR cycles) between the media control and vehicle control. This allowed us to focus on
analyzing specific receptor stimulation effects. We identified 105 miRNAs associated with
ADORA1, 92 with HRH1, 88 with FZD4, and 86 with ACKR3 that expressed in at least 80% of either
vehicle control or the agonist-treated samples and underwent statistical analysis. To further
narrow down our miRNA of interest after receptor stimulation, we performed differential-
expression testing using within-pairs linear regression and calculated p-values using a
nonparametric rank-based (Skillings-Mack) test. This approach provided unbiased estimates of
stimulation-treatment effects. We subsequently ranked the miRNAs within each receptor type by
magnitude of effect and selected all miRNAs with Skillings-Mack p-value < 0.2 for further
investigation, emphasizing discovery power over avoidance of false positive results. Any miRNAs
with absolute fold change > 1.5 (] AACq| > 0.585) were chosen for enrichment analyses.

We directly compared the miRNAs expression across each receptor. The heat map illustrated
distinct EV miRNA patterns unique to each receptor (Fig. 3A). Our analysis showed that 29
miRNAs were differentially expressed in the ADORA1 group compared to its vehicle control, with
10 miRNAs demonstrating an absolute fold change greater than 1.5 (Fig. 3B(@). Furthermore, 5 out
......................... p, 3 out of 4
differentially expressed miRNAs were found to have p < 0.05 (Fig. 3C2 and Table 1 ®). In contrast,
among the 22 differentially expressed miRNA in FZD4 group, 10 exhibited an absolute fold change

greater than 1.5 (Fig. 3D[@), but only one miRNA (miR-203a-3p) met the threshold of p < 0.05 (Table

Additionally, we further assessed the shared and non-shared changes in miRNAs with at least 1.5-
fold change in either direction for each receptor (Fig. 3F ). We found that miR-550a-5p, miR-502-
3p, miR-137, and miR-422a were the most changed miRNAs following ADORA1, HRH1, FZD4, and
ACKRS3 stimulation, respectively (refer to Supplemental Table S3(% for a complete list of all

differentially expressed miRNAs of individual receptors and raw data in data availability section).

MiRNA targets and pathway predictions following GPCR
stimulation

We next performed target prediction and functional annotations on all miRNAs of interest that
exhibited an absolute fold-change > 1.5 (Fig. 3 @) for each receptor. For analysis involving multiple
miRNAs, we selected gene targets predicted by at least two miRNAs for functional analysis through
the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. Following ADORA1 stimulation,
we identified 3,562 miRNA predicted target genes, with 709 predicted genes targeted by at least
two differentially regulated miRNAs. The top 25 enriched KEGG pathways associated with ADORA1
miRNA targets are primarily related to cell proliferation, apoptosis, and cancer (Fig. 4A2). After
HRH1 stimulation, 357 predicted miRNA targets were selected for enrichment analysis. Many of
the top predicted miRNA target enriched KEGG pathways were linked to various cancers (Fig.
4B2). We observed significant enrichment of FoxO and ErbB signaling (Fic

crucial roles in angiogenesis, cell proliferation, apoptosis, and modulation of the immune response
(Appert-Collin et al., 20153; Kim et al., 20222 ; Lam et al., 2013%; Ryzhov et al., 2017 ), and are

and nervous system pathways. For instance, several hub genes identified in HRH1 miRNA target
PPI network, such as PTEN, MYC, GSK3B, and SMAD3 (Supplemental Fig. S42), are known to be
involved in insulin signaling (Cheung et al., 2010(2; Li et al., 2020 & ; Patel et al., 2008 (% ; H. L.
Wang et al., 2022 @). The most upregulated miRNA from HRH1 stimulation, miR-502-3p, was
associated with multiple enriched pathways related to insulin resistance, including EGFR tyrosine
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Figure 3. Differentially expressed EV miRNAs in response to GPCR activation

(A) The heatmap showed unsupervised hierarchical clustering of miRNA expression (row) following GPCR stimulation
(column). The relative abundance of miRNAs is represented in Z-score value (z-transformed fold changes), blue, below-mean
expression; red, above-mean expression. (B-E) Volcano plots displayed the analysis of EV miRNAs after ADORA1 (B), HRH1 (C),
FZD4 (D), and ACKR3 (E) activation. On the x-axis, the dotted line indicates miRNAs that satisfied the |log, fold change|z 1.5
cut-off, while the dotted line on the y-axis indicates miRNA that met Skillings-Mack p-value < 0.2. (F) Venn diagram showed
the miRNAs of interest with at least 1.5-fold change across four GPCR groups following treatment. n=5-6 replicates per GPCR

group.
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GPCRs miRNAs logz (FC) p value SD of logz(FC)
ADORA1  hsa-miR-550a-5p 1.70 0.0455 0.22
hsa-miR-1227-3p 1.49 0.0253 0.16
hsa-miR-454-5p 1.17 0.0143 0.27
hsa-miR-31-5p 0.58 0.0143 0.07
hsa-miR-135a-5p -0.79 0.0143 0.18
HRH1 hsa-miR-502-3p 1.57 0.025 0.26
hsa-miR-423-5p 0.59 0.025 0.16
hsa-miR-744-5p -0.62 0.025 0.14
FZD4 hsa-miR-203a-3p -0.90 0.0143 0.16
ACKR3 hsa-miR-135b-3p 0.67 0.0253 0.11

Cell Biology

Table 1. EV miRNAs differentially expressed in 4 GPCR groups.

Differentially expressed miRNAs (p < 0.05) were identified in each treatment group compared to its vehicle control, n=5-6
samples of each group.
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kinase inhibitor resistance, AGE-RAGE signaling pathway in diabetic complications, and pancreatic
cancer (Supplemental Fig. SSA). Overall, these findings suggest that altered miRNA expression
following HRH1 activation may play a role in diabetes.

Generally, the miRNA targets of FZD4 were related to cancer, drug resistance, embryonic
development, and aging (Fig. 4C ). The most downregulated miRNA after FZD4 stimulation, miR-
137, had targets that are enriched in GABAergic and dopaminergic synapses, suggesting its role in
the regulation of synaptic function (Supplemental Fig. S5B (2). Additionally, miR-137 targets were
linked to substance abuse and neurogenerative disease (Supplemental Fig. S5B ). MiR-135b-3p

3E@, and Supplemental Table S3(2). Therefore, some of the enriched pathways, including various
cancer types and signaling pathways, shared similarities between two receptors (Fig. 4C& and Fig.

neurodegenerative diseases, such as cellular senescence and autophagy were identified as ACKR3
miRNA targets (Fig. 4D (@). Insulin resistance-related pathways were also observed when

identified hub genes between the two receptors were distinct (Supplemental Fig. S4 (%), suggesting
FZD4 and ACKR3 may regulate the same cellular process through different mechanisms.

Discussion

We hypothesized that stimulation of GPCRs can regulate the EV miRNA profile. We used a
combined approach of ultrafiltration and SEC to isolate EVs from agonist-stimulated culture
media, then followed up with miRNA gPCR arrays. Our findings provide evidence that within a
single cell type, head-to-head comparisons of specific agonist-stimulation of GPCR subclasses
reveal unique EV miRNA profiles.

Although various methods exist for isolating EVs, obtaining a high yield of pure EVs with minimal
contamination is challenging (Sidhom et al., 2020 @). Combining ultrafiltration with SEC allowed
us to isolate EVs with sufficient yield and purity, and that are suitable for further EV miRNA
characterization. We noticed the median size of EVs measured by NTA was larger than the size
reported by TEM. While f-NTA was utilized in this study to enhance membrane vesicle detection, it
may not differentiate EVs from other similar particles, such as protein aggregates and lipoproteins.
This overlap could lead to overestimating the EV size and impacting the accuracy of EV detection.

2022 3; Gorgens et al., 2022 2). In contrast to freshly prepared samples for TEM, EV aggregation
after the freeze-thaw cycle could result in increased particle size detected by NTA. Contrary to
other studies that have reported increased EV release after GPCR stimulation (Ambrose et al.,
2018(7; Conrad et al., 2020 @), we did not find significant changes in either the quantity or mean
diameter between vehicle control and agonist-treated samples. We postulate that our EV
production results could be due to the cell type and culture conditions (Bost et al., 2022 %;
Palviainen et al., 2019 ®). In addition, serum vesicles are a major source of EV contamination from
the cell culture media. To minimize serum-derived EVs, our cells were cultured with EV-depleted
FBS, which may have a reduced ability to support cell growth (Bost et al., 2022 2). Therefore,
different isolation methods and cell culture conditions could result in variations in EV
concentrations.

Few studies have addressed GPCR activation and its stimulation of EV release in cultured cells
(Alonso et al., 2011 Z; Conrad et al., 20202 ; Mazzeo et al., 2016 (3 ; F. ]. Verweij et al., 2018 (2), and
indicating that GPCR signaling can regulate EV biogenesis and release. For instance, activation of
(only) muscarinic receptor type I induces multivesicular body formation and stimulates EV
secretion in T lymphocytes (Alonso et al., 2011 ). Similarly, stimulating (only) HRH1 promotes the
exocytosis of multivesicular bodies in HeLa cells (Frederik Johannes Verweij et al., 2018 (%). Conrad
et al. demonstrated that activation of multiple endogenous GPCRs stimulates EV release from
trophoblasts (Conrad et al., 2020 (%). Moreover, numerous studies have shown that the activation
of GPCRs regulates the expression of individual miRNAs. For example, activation of the estrogen
receptor inhibits miR-148a levels in breast cancer cells and COX-2 induces miR-526b expression
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Figure 4. Pathway analysis of the differentially expressed EV miRNA after GPCR activation

The bubble plots showed the top 25 significantly enriched KEGG pathways for the miRNAs (> 1.5-fold change) of individual
GPCR. (A) ADORAT, (B) HRH1, (C) FZD4, (D) ACKR3. The dot size represents the number of enriched gene targets, and the
color shows the p-value of the enrichment. For the enrichment analysis, cut-off criteria were p-value (FDR) < 0.05 and gene
count > 2. KEGG terms: * Endocrine and other factor-regulated calcium reabsorption, A Progesterone-mediated oocyte
maturation.
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2015; Tao et al., 20152). However, the aforementioned studies did not investigate EV miRNA
expression after GPCR stimulation. Ambrose et al. identified released miRNA patterns that are
highly correlated with specific GPCR agonists in platelets (Ambrose et al., 2018 ). However, their
miRNA analysis used EV-rich supernatant after GPCR stimulation, which included both non-EV
and EV miRNAs. Here, we focused on EV miRNA profiles following GPCR stimulation. We found
many of the EV miRNAs were similar across the four GPCR subgroups, although some unique
miRNAs were associated with each receptor. We identified 10 miRNAs in ADORA1, 4 miRNAs in
HRH1, 10 miRNAs in FZD4, and 6 miRNAs in ACKR3 that were differentially expressed following
agonist stimulation. We found that a greater number of miRNAs showed increased expression
levels compared to those with decreased expression after receptor activation. The increase in
miRNAs ranged from 6 to 30% more than decreased miRNAs, depending on the specific receptor
group. For example, following ADORA1 activation, there were about 15% more increased than
decreased miRNAs, while in the FZD4 group, there was a 6.3% higher number of increased
miRNAs. Additionally, we observed a few miRNAs that exhibited more than a 1.5-fold change after
each receptor activation. While endogenous miRNAs may be present in lower amounts in EVs,
their functional significance can be considerable.

Brown et al. demonstrated that a threshold concentration of miRNA is necessary to suppress target
genes (Brown et al., 2007 @). This suggests that EV miRNAs may play a crucial role in miRNA
expression in the recipient cells, helping them reach the required threshold to elicit specific
effects.

Our study directly compared the stimulation of specific GPCR subclasses and the unique EV miRNA
signatures that might dictate downstream Ga, Gag, Gayz/13, and B-arrestin protein cascades. G
proteins transduce the extracellular signals to the appropriate downstream effectors. Multiple
GPCRs can couple to the same type of G protein. One GPCR also can interact with different G
proteins to trigger multiple pathways. Previous reports showed that overexpression of Gal2 can
alter multiple miRNA levels (Yang et al., 2015 ), suggesting that G proteins may play a role in
controlling miRNA expression after GPCR stimulation. Despite our result suggesting a unique
miRNA signature for each receptor, it is not clear that a miRNA signature was associated with
specific types of G proteins due to the limited sample size (four receptors). Future studies are
necessary to resolve whether EV miRNAs are regulated by specific G proteins after GPCR
stimulation.

The mechanisms by which miRNAs are sorted into EVs are not fully understood. However, several
RNA-binding proteins and membrane-associated proteins have been identified that could
influence this sorting process (Martins-Marques et al., 2022 @; Villarroya-Beltri et al., 2013 ; Yoon
etal., 2015 (2). Argonaute 2 (Ago2), a core component of the RNA-induced silencing complexes,
binds to miRNAs and facilitates their sorting. Ago2 can be regulated by the various cellular
signaling pathways (Horman et al., 2013(%; Jackson et al., 2022 (% ; McKenzie et al., 2016 (2). For
instance, McKenzie et al. demonstrated that KRAS-dependent activation of MEK-ERK can
phosphorylate the Ago2 protein, thereby facilitating the sorting of specific miRNAs into EVs

(McKenzie et al., 2016 @). In differentiated PC12 cells, the activation of Gaq leads to the formation

miRNAs and sorts them into EVs (Martins-Marques et al., 2022 % ). ACKR3, one of the GPCRs we
studied here, when activated by an agonist, inhibits the function of Connexin 43 (Fumagalli et al.,

which has an established role in EV cargo selection (Ginés et al., 2001 (Z; Lee et al., 20193).

Currently, there is no consistent mechanism for miRNAs sorting into EVs across different cell
types. However, GPCRs and downstream signaling can directly or indirectly interact with those
proteins involved in the sorting process, which could employ distinct mechanisms to influence the
EV miRNA content. Future studies exploring the role of GPCRs, G proteins, and GPCR signaling in
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the expression, localization, activity, and post-translational modification of molecular mediators,
such as Ago2 and Connexin 43, could provide valuable insights into how GPCRs regulate specific
miRNAs within EVs and potentially lead to therapeutic applications.

When we compared the predicted functional effects of EV miRNAs across the four GPCRs, we
found that numerous enriched pathways were associated with human cancers. For instance, the
targets of HRH1 miRNA were enriched in colorectal cancer, breast cancer, and melanoma, which
were consistent with previous findings (Li et al., 2022(%; C. Park et al., 2023 2; Shi et al., 2019 ).
This could be because many of the predicted miRNA targets that are involved in a wide range of
cellular activities, such as cell proliferation, differentiation, migration, and apoptosis, that
contribute to cancer initiation, progression and metastasis (Evan & Vousden, 2001 2 ; Matthews et
al., 2022 @ ; Pfeffer & Singh, 2018 ). Additionally, the top hub genes identified in the PPI network
of FZD4 miRNA targets, including MYC, EGFR, MDM2, and CDK1 (Supplemental Fig. S4(%), were
also involved in many aspects of cancer progression (Gabay et al., 2014 2; Oliner et al., 2016 (3 ;
Sigismund et al., 2018 @ ; Wang et al., 2023 ). This finding may contribute to understanding the
mechanism of GPCR activities in cancer progression and to the development of new
pharmacotherapies.

Moreover, our data revealed functional differences among the four GPCRs. When we compared
the differentially expressed miRNAs and their predicted pathways across four GPCRs, we found
ADORA1 had a unique set of miRNAs that did not overlap with the other 3 GPCRs. Three
significantly altered ADORA1 miRNAs, miR-135a-5p, miR-31-5p, and miR-454-3p, are associated
with cardioprotection (Chen et al., 2022 (Z; Liu et al., 2024 2 ; Wang et al., 20212 ; Zhao et al.,
2024 (4), supporting the established role of ADORAI1 in the protection of cardiomyocytes during
ischemia (Crawford et al., 2005 (@ ; Reichelt et al., 2005 (). We observed that several insulin-
resistant pathways were enriched among the targets of HRH1 miRNAs. The two significantly

elevated HRH1 miRNAs, miR-502-3p and miR-423-5p, affect glucose metabolism (Liu et al., 2023 Z;

etal.,, 2019(%; Wang et al., 2010®), our findings indicate that HRH1 may play a role in regulating
insulin sensitivity. MiR-137 and miR-518e-3p were solely expressed in EVs from cells treated with
FZDA4 agonist, and not after activation of other receptors, suggesting they may serve as unique
signatures of FZD4 activation. Interestingly, genome-wide association and proteomic studies have
implicated the MIR137 host gene, and the mRNA targets of miR-137 are risk genes for
schizophrenia (Palumbo et al., 2023 @ ; Ripke et al., 2014 ). Although the FZDs activation
mechanism and FZDs-G protein interaction are still not fully understood (Arthofer et al., 2016(2;
Strakova et al., 2017 2; Zhang et al., 2024 (@), this study could lead to the identification of new
miRNA targets for GPCR activation and post-transcriptional mRNA gene targets as a down-stream
effector for rational drug design. The predicted pathways for ACKR3 miRNA indicated that 9 of the
top 25 significantly enriched pathways were associated with aging and neurodegenerative
diseases. Cell senescence, which is a permanent cell growth arrest and linked to aging and several
neurodegenerative disorders (Kritsilis et al., 2018 @2; Papadopoulos et al., 2020 ; Suelves et al.,
2023 %), was observed with the highest gene count among those pathways. Additionally, miR-135b,
the only significantly increased ACKR3 miRNA, promotes hippocampal cell proliferation and
enhances learning and memory by affecting the rate-limiting enzyme for B-amyloid production.
miR-135b is significantly reduced in the peripheral blood of Alzheimer’s disease patients (Zhang et

action. Our study suggests that the alteration of specific miRNA expression following GPCR
activation by pharmacotherapies may introduce a new mechanism through which GPCRs regulate
extracellular events by modulating the expression of miRNAs in EVs.

This study highlights the novel mechanism of EV miRNA content regulated by GPCRs. However,
there are limitations in the current study. The EVs used for miRNA analysis are a heterogeneous
population, of various but similar sizes, and may originate from different biogenesis pathways and
exhibit distinct biological functions. GPCR agonists (or vehicles) may stimulate production of
different subclasses of the EVs, such as exomeres, exosomes, or even microvesicles, and affect
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their content. Further experiments with optimized isolation methods are needed to investigate
changes in EV subpopulations and miRNAs regulated by GPCRs. U20S cells expressing endogenous
GPCRs were used as a model to explore EV miRNA profiles. Thus, the differentially expressed
miRNAs detected in the current study could be cell-type specific. EV content and miRNA
expression could vary by cell type and culture conditions. Further research should investigate EV
miRNA expression changes after receptor stimulation across different cell lines, particularly those
related to diseases. For example, MDA-MB-231 is a breast cancer cell line that expresses several
GPCRs, including adenosine, histamine, adhesion and chemokine receptors (Panjehpour et al.,
2005; Chulo Park et al., 2023 ; Sarmoko et al., 2025 ). Utilizing this cell line could provide
valuable insights into the EV miRNA pattern associated with breast cancer in response to GPCR
stimulation.

In this exploratory study, we used bioinformatics to predict the target genes and enriched
pathways of the differentially expressed miRNAs following GPCR activation. While computational
analyses can effectively identify potential miRNA targets, future research needs to focus on
validating these candidates. For instance, the pathways enriched for miR-137, the most decreased
miRNA following frizzled receptor activation, were found to be involved in GABAergic synapses,
dopaminergic synapses, long-term potentiation, and autophagy (Supplemental Fig. S5B(%). These
enriched pathways are essential for nerve activity and synaptic plasticity, which is consistent with
the crucial role of FZD4 in brain development (Zhang et al., 20173 ; Zhang et al., 2023 @). Notably,
an independent study from our laboratory confirmed that the delivery of miR-137 regulates
synaptic proteins in both neuronal cell cultures and the mouse frontal cortex (Palumbo et al.,

our pathway prediction. Our study might illustrate a potential pathway for miRNAs and their
targets in response to various stimuli. Future directions should aim to validate the top
differentially expressed miRNAs identified after each GPCR activation and assess their gene
targets in cellular contexts. Additionally, using proteomics to evaluate the molecular changes in an
in vivo model following miRNA delivery will help enhance our understanding of the underlying
mechanisms and explore the functional implications for clinical relevance.

In summary, we characterized EV miRNA profiles from U20S cells after stimulation of specific
GPCR subclasses with selective agonists. We identified unique EV miRNA signatures resulting from
GPCR subtype activation. The functional analyses revealed that the predicted gene targets of the
EV miRNAs were enriched in distinct metabolic pathways, including physiological and
pathological states of cell function. This study offers a novel biological mechanism, EV miRNA
content regulation by stimulated GPCRs, and provides insight for future studies of drug-receptor
interactions including unwanted and unintended effects.
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Drugs and reagents

CCPA, the selective adenosine A; receptor agonist, and adenosine A, receptor antagonist, DPCPX,
were obtained from Tocris Bioscience (Minneapolis, MN). 2-pyridylethylamine dihydrochloride
(PEA), the agonist of the histamine H, receptor, and cetirizine dihydrochloride, the antagonist of
H, receptor were obtained from Tocris Bioscience (Minneapolis, MN). CCPA and DPCPX were
diluted in DMSO, then subsequently diluted in the cell culture medium with a final DMSO
concentration of 0.01%. Both 2-pyridylethylamine dihydrochloride and cetirizine dihydrochloride
were diluted in water. Human recombinant Wnt3a protein and SDF-1a were obtained from Sigma
(Burlington, MA). Wnt3a and SDF-1a were reconstituted to 100ug/ml in sterile 1XPBS containing
0.1% human serum albumin (HSA) at 100ug/ml. Wnt3a and SDF-1a were subsequently diluted in
the cell culture medium with a final HSA concentration of 0.0001%. Gibco exosome-depleted fetal
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bovine serum (FBS) was purchased from ThermoFisher (A2720801, Thermo Fisher Scientific,
Waltham, MA). Then the FBS were further charcoal-stripped to remove the potential GPCR
agonists in the serum.

Cell culture

U20S cells purchased from ATCC (Cat. No. HTB-96) were grown in McCoy 5A medium (16600082,
Gibco, Thermo Fisher Scientific) supplemented with 10% fetal clone serum (FCS) and 1% penicillin
and streptomycin and maintained in a humidified incubator with 10% CO, according to ATCC
instructions. For EV isolation, cells were plated at 6x10 in a 15 cm culture dish two days before
the experiment. On the day of the experiment, cells were rinsed with 1XPBS, then treated with
agonists or vehicle control in the medium containing 10% EV-depleted and charcoal-stripped FBS.
The treatments were left on for 24 hours before medium collection for EV isolation. Four 15 cm
plates with a total medium volume of 55 ml of each condition were used for EV isolation.

cAMP accumulation assay

U20S cells were plated at 4x10°/well in the 24-well plate two days before the assay. One day before
the assay, cells were switched to the culture medium containing 10% charcoal-stripped FCS and
incubated overnight. The assay procedure and buffer are as previously described (Watts et al.,

in a humidified incubator with 5% CO,. For the experiment with the antagonist, DPCPX (5 uM) was
added to the cells and preincubated for 10 min before CCPA addition. cAMP accumulation was
measured using cAMP EIA kit from Cayman Chemical (581001, Ann Arbor, MI), according to the
manufacturer’s instructions. All the experiments were conducted with three biological repeats,
each performed with duplicated determinants.

Inositol monophosphate formation

U20S cells were plated at 4x10°/well in the 24-well plate one day before the assay in the culture
medium containing 10% charcoal-stripped FCS. The next day, cells were starved with plain McCoy
5A medium for 1 hour before the assay. Cells were preincubated with stimulation buffer for 10
min before agonist addition. Pyridylethylamine (10" to 10%) was added to the cells and the plates
were incubated for 60min at 37°C in a humidified incubator with 5% CO,. For the experiment with
the antagonist, Cetirizine (1 uM) was preincubated for 10min before agonist addition. The
accumulation of inositol monophosphate was measured using the Cisbio IP-1 Elisa kit (72IP1PEA,
Revvity, Waltham, MA) as described previously (Eshleman et al., 2013 ). All the experiments were
conducted with three independent repeats, each performed with duplicate determinants.

Alkaline phosphatase assay

U208 cells were seeded at 4x10°/well in the 12 well-plate one day before the agonist treatment.
Cells were treated with vehicle control (HSA) or various doses of Wnt3a diluted in cell culture
medium and incubated for 24 hours. On the day of the assay, cells were rinsed with ice-cold 1XPBS
and kept on the wet ice all the time. Cells were scraped and collected with 100 pl assay buffer/well,
then transferred to microcentrifuge tubes. The cell suspensions were homogenized for 15-20
seconds with the micro pestle homogenizer. The lysates were centrifuged 13,000xg for 20 min at
4°C to remove insoluble material. Alkaline phosphatase (ALP) activity was measured using the ALP
assay kit (ab83369, Abcam, Waltham, MA). Briefly, 80 pul of cell lysate aliquot/well was mixed with
kit reagent, then the plate was incubated at 25°C for 60 min. 10 pl of cell lysate was used to
measure total protein concentration, which is used to normalize the enzyme activity. All the
experiments were conducted with three independent repeats, each performed with duplicate
determinants.
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EV isolation by size exclusion chromatography

To determine which fractions are EV-enriched, 30ml of the medium control (plain medium with
10% EV-depleted FBS) and 30ml of the conditioned medium from two 15cm plates of U20S cells
incubated for 24 hours were collected and centrifuged at 300xg at 4°C for 15 min to remove cells
and cell debris. The EV isolation methods were adapted from Benedikter et al 2017 (Benedikter
17 @). The supernatants were collected and centrifuged at 4000xg at 4°C for 15 min to
remove cell debris. After the second spin, the supernatants were passed through a 0.22uM
Millipore Steriflip filter (Burlington, MA). Then media were loaded on a 2% Tween precoated
Amicon Ultra-15 centrifugal filter unit with Ultracel-10 membrane (MWCO=10kDa, Millipore,
Burlington, MA). The media were concentrated to ~550 pl by repeated centrifuge (4000xg) at 4°C.
The concentrated media were fractionated by using size exclusion chromatography (SEC) (Izon
gEV Original/35nM, IZON Science, Medford, MA) according to the manufacturer’s instructions.
Briefly, 500 pl of concentrated media were loaded to the gEV column. 12 fractions of 0.5 ml each
eluted with 1XPBS (0.1uM filtered) were collected. Individual fractions were concentrated with
Microcon-30 kDa Centrifugal Filters (Millipore, Burlington, MA) to a final volume of 70 ul and
stored at -80°C for immunoblot.

For further miRNA assessment, 60ml of conditioned media pooled from four 15 cm plates per
condition were harvested after 24 hours incubation of U20S cells with agonists or vehicle control.
For each GPCR, the experiments included 6 replicates of the agonist treatment group, 6 replicates
of vehicle control (VC) and 6-8 replicates of media control (MC). The EV-enriched fractions 7, 8, and
9 (with a total volume of 1.5ml) were pooled for transmission electron microscopy (TEM),
nanoparticle tracking analysis (NTA) and total RNA isolation. Pooled fractions were aliquoted and
stored at -80°C until processed. Fractions used for TEM were stored at 4°C.

Immunoblotting

To evaluate the EV-enriched SEC fractions, 500ul of void (pooled fraction 1-6) and individual
fractions 7 to 12 were concentrated with Microcon-30 kDa Centrifugal Filters (Millipore,
Burlington, MA) to a final volume of 70 pl. Due to the undetectable protein amount in the
concentrated fractions, an equal volume (30 pl) for each fraction was subjected to SDS-PAGE
through 12% polyacrylamide gels and transferred to polyvinylidene fluoride (PVDF) membranes
(BioRad, Hercules CA). Membranes were blocked with 5% non-fat dry milk in TBST at room
temperature for 30 min, and then subsequently incubated at 4°C overnight with rabbit anti-
flotillin (1:1000, ab41927, Abcam, Waltham, MA), rabbit anti-syntenin (1:1000, ab133267, Abcam,
Waltham, MA), mouse anti-CD63 (1: 1000, sc-5275, Santa Cruz Biotechnology), mouse anti-
CD81(1:500, sc-166029, Santa Cruz Biotechnology), rabbit anti-CD9 (1: 1000, ab223052, Abcam,
Waltham, MA), rabbit anti-calnexin (1:1000, ab22595, Abcam, Waltham, MA). The immunoblots
were rinsed and incubated with HRP-conjugated secondary antibodies. Immune complexes were
visualized by chemiluminescence and analyzed using Bio-Rad ChemiDoc Imager. Bands were
analyzed by densitometry using Bio-Rad Image lab software.

For the ACKR3 functional assay, cell lysates with a total of 15 yg protein of each condition were
loaded into the gel. The immunoblots were incubated overnight with rabbit anti-pERK1/2 (1:1000,
05-797R, MilliporeSigma, Burlington MA), rabbit anti-tERK1/2 (1:1000, 9102, Cell Signaling
Technology, Danvers MA), and mouse anti-f-actin (1:1000, sc-69879, Santa Cruz Biotechnology,
Dallas Texas). p-actin was used as an internal control.

Transmission electron microscopy of EVs

15 pl of EV pooled fractions 7 to 9 were mixed with 5 pl of 16% paraformaldehyde and kept on the
wet ice until processed. 5 pl of EV preparations were deposited and incubated for 3 minutes onto
glow discharged copper grids (Ted Pella 01822-F). After this incubation period the grids were
rinsed 15 seconds in distilled water, wicked on Whatman filter paper #1, and then stained for 3
minutes in freshly prepared 1% (w/v) aqueous uranyl acetate. Grids were then wicked with filter
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paper and air dried. Samples containing EVs were imaged at 120 kV on a FEI Tecnai™ Spirit TEM
system. Images were acquired on an Advanced Microscopy Techniques (AMT) Nanosprint12 cMOS
12-megapixel camera system as tiff files.

Fluorescence nanoparticle tracking analysis (f-NTA)

SEC EVs (pooled void volume fraction1-6 and pooled EV enriched fraction 7-9) from controlled
media and media from U20S cells were analyzed for particle concentration and size by ZetaView
nanoparticle tracking analyzer (Particle Metrix, Ammersee Germany) as described by the
manufacture’s protocol. Briefly, EV samples were labeled with fluorescent membrane dye Di8-
ANEPPS (D3167, Thermo Fisher Scientific, Waltham, MA), staining solution (12 yuM) supplemented
with Fluronic F-127 (P3000MP Thermo Fisher Scientific, Waltham, MA) at room temperature for 15
min. The samples were diluted at 1:200 in 0.1 yM filtered 0.1X PBS in a final volume of 1ml for
injection. Before the measurement, the instrument was calibrated with 100 nm polystyrene beads
(Particle Metrix, Cat no 110-0020). The EV samples were recorded for 90s at controlled room
temperature. All measurements were done in triplicates. ZetaView software was used to quantify
the concentration (particles/ml) and size distribution (nm) of the particles.

EV RNA isolation and miRNA array

Pooled EV-enriched fractions (7,8 and 9, total of 1.3ml) were concentrated with Microcon-30 kDa
Centrifugal Filters (Millipore, Burlington, MA) to a final volume of 250 pl and used for EV RNA
isolation. The total RNAs were isolated using MagMax mirVana total RNA isolation kit (A27828,
Applied Biosystems, ThermoFisher Scientific) according to manufacturer’s instructions. The
miRNA concentration of each sample was measured with the Qubit miRNA assay kit (Q32880,
ThermoFisher Scientific). The isolated RNA was stored at -80°C until processing. The reverse

human pool set V3.0 (4444750, ThermoFisher Scientific) and MultiScribe Reverse Transcriptase
(4311235, ThermoFisher Scientific) according to the user guide. To increase the sensitivity of qPCR
analysis for miRNA targets, cDNA was pre-amplified (14 cycles) with Megaplex PreAmp primers
human pool set V3.0 (4444748, ThermoFisher Scientific) and TagMan PreAmp Master mix
(4391128, ThermoFisher Scientific). Before the qPCR, pre-amplified cDNA was diluted 1:1 in
nuclease-free water, then mixed with TaqgMan Universal Master Mix (444047, ThermoFisher
Scientific). The samples were loaded to TagMan Array Human MicroRNA A+B Card Set v3.0
(4444913, ThermoFisher Scientific), which contains a total of 754 miRNA assays. The PCR
amplification and data acquisition were carried out using the QuantStudio 12K Flex real-time PCR
system (ThermoFisher Scientific).

miRNA array and analysis

MiRNA expression was analyzed using relative quantification methods as previously described
(Sandau et al., 2020 (2). The Cq value for each well along with the amplification score (AmpScore)
and Cq confidence (CqConf) was reported by ExpressionSuit Software v1.3 (ThermoFisher).
Amplifications were filtered prior to the data analysis, as follows: PCR products with Cq > 34,
CqConf < 0.8, or AmpScore < 1 were excluded and treated as missing values. Only expressed
miRNAs meeting these criteria in more than 80% of both vehicle control and treatment group
samples were accepted for further analysis. To maximize accuracy and minimize amplification
variation between the A and B cards, a mean expression value calculated from qualified miRNAs
pooled from both the A and B cards was used to normalize the PCR data. miRNAs chosen for
calculating mean expression for endogenous background normalization had to meet the following
criteria: (1) the miRNA was not expressed or was observed in less than 50% of the untreated
media, (2) was consistently fully observed in all vehicle control and treated samples and (3) for
miRNAs observed at rates of less than 50% in untreated media, the Cq value of the media control
was required to be > 3.3 cycles different from the vehicle control. The mean expression Cq value of
all the qualified miRNAs was calculated and used for endogenous background normalization. The
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ACq value for a miRNA was calculated as: ACq = Cq value of the miRNA — mean normalizer Cq
value in the same group. The AACq value for a miRNA was calculated as: AACq = ACq for treated
samples — ACq for vehicle control samples. The fold change (relative quantification value) for each
miRNA was calculated as: 2 22C9, A relative quantification value > 1 indicates increased miRNA
expression in the treated samples compared to vehicle control, and a relative quantification value
<1indicates decreased miRNA expression in the treated samples.

Data analysis and statistical analysis

Dose-response curves for cAMP and IP1 accumulation were analyzed by nonlinear regression.
Significant differences were determined by two-way analysis of variance (ANOVA) of receptors by
agonist or antagonist concentration followed by Sidak’s multiple comparison test. For the ALP
accumulation and ERK1/2 activation, the significant differences were assessed by one-way ANOVA
followed by Tukey’s multiple comparison test. All functional assay data were shown as mean + SD.
The statistical significance in EV concentrations was determined using Student’s t-test. Data were
expressed as mean + SEM. Data were analyzed with GraphPAD Prism software v10 (GraphPAD
Software Inc., San Diego, CA). Statistical tests were applied based on three independent replicates.
P values < 0.05 were considered significant.

To statistically evaluate the qPCR miRNA expression data, we elected to use strongly unbiased
robust procedures including matched-pairs estimators of the effect sizes and rank-based testing of
associations in the interest of minimizing confounding of associations by technical causes, and
then to further interrogate those results with extensive sensitivity analyses designed to probe the
volatility of the conclusions depending on our choice of analytical methods. For example, as an
alternative normalization procedure to relax the assumption (needed for validity of per-run
normalization) of no differential measurement drift and to mitigate the run-to-run volatility of
normalizer mean estimation we considered aligning median normalizer scores by treatment
group rather than explicitly adjusting qPCR runs for each sample, but observed that residual
technical variance (in the aligned normalizer scores) between matched pairs was actually
increased due to the complications of missing data created by quality filtering, the technical run-
batching of the assay into A and B cards, varying qPCR performance of even the endogenous
normalizer miRNAs across runs, and other technical factors beyond our control.

To estimate the treatment effects on miRNA and calculate robust p-values for testing of those
effects, we considered six different combinations of treatment effect estimator and p-value
estimator in sensitivity analyses (Supplemental Fig. S1 @ ); Each of the approaches offers an
alternative estimate of the magnitude and significance of the AACq value, varying depending on
how pairs and treatment groups and batches are aggregated or disaggregated. We consider the
matched-pairs estimator (Allison, 2009(%) of treatment effect superior to other approaches
because of its strong unbiasedness even in the presence of technical confounding, and the
Skillings-Mack estimator (Skillings & Mack, 1981 &) of the p-value superior both to naive
permutation-based (Good, 2006 (2) or rank-based tests (Mann & Whitney, 1947 () and to Welch’s

caused by missing data at the per-miRNA level).

Ranking of miRNAs within each receptor type was first performed by magnitude of treatment
effect (in normalized ACq units), as estimated from the matched-pairs regression approach, and
the ranking was then filtered by the Skillings-Mack p-value. Because of the first-in-practice
exploratory nature of this study we opted to emphasize discovery power over avoidance of false
positives, and thus chose a liberal cutoff of p < 0.2 for selection of associated miRNAs for further
investigation. Pathway enrichment and functional annotation analyses were limited to the subset
of miRNAs highlighted as the most-affected for each receptor; the cutoff for this was absolute fold
change > 1.5 (| AACq| > 0.585) for agonist versus vehicle control. The log, fold change, Skillings-
Mack p-values, and z-transformed log, fold change values (Z-Score) were used to create volcano
plots and hierarchical heatmaps. The hierarchical clustering in the heatmap is based on Euclidean
distance. The visualizations were generated using GraphPad Prism v.10 and SR plot web service
(https://www.bioinformatics.com.cn/srplot@).
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miRNA targets and pathway analysis

Prediction of miRNA targets was conducted using miRNet online web service v2.0
(http://www.mirnet.ca@). The miRNA-target interactions were analyzed using the experimentally
validated miRNA-target interaction databases: miRTarbase (v8.0) and Tarbase (v8.0). Human
transcripts targeted by at least two miRNAs from each receptor were exported for further
functional analysis. The target gene lists were submitted to String (v12.0) and GeneOntology with
default settings to identify pathways enriched with miRNA targets and construct PPI networks.
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses and
WikiPathway analyses were performed with String (v12.0) using the hypergeometric algorithm
and the statistically enriched terms were determined by Fisher’s exact test with adjusted p-value
(false discovery rate) < 0.05 as the threshold. To measure the enrichment effect, the pathways were
sorted by log,g(observed/expected), which is the ratio between the number of proteins in our
observed network that are annotated with a term and the number of the proteins that the
software expects to be annotated with the same term in a random network of the similar size.
Pathways exhibiting significant changes were further visualized with bubble plots using the SR
plot web service (https://www.bioinformatics.com.cn/srplot 2). The PPI networks constructed by
String were analyzed with CytoScape software (V3.10.1). The hub genes were identified and
selected using CytoHubba, a plug-in of CytoScape, according to the node degree in the PPI network.
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Figure S1.Sensitivity analysis across alternative estimates of treatment effects. (A) Scatterplot matrix
showing pairwise concordance of alternative treatment-effect estimators, including all per-miRNA estimates from
all receptors combined, with text labels (in quotes) indexed to the table below; note that the perfect correlation in
the “individual” and “matched” approaches is expected, and the “pooled” and “batched” approaches only apply
to the receptors ADORA1 and H1R. All estimators not based on matched pairs demonstrate bias in the form of
exaggeration of effect size on average, and estimators employing a higher degree of aggregation (either at the
treatment group or batch level) show worse correlation with the unbiased matched-pairs estimator (an example
of ecological bias); it is clear that process variance brings considerable risk of bias in experiments of this type, and
that great care should be taken to provide adequate representation of process variance via controls across
experiments. (B) Comparison table detailing the differences between alternative estimators, including advantages
and disadvantages of each approach. Our preferred approach is “matched”, on both theoretical and empirical
grounds. Briefly, the six combinations were: 1) treatment effect estimated as difference of group medians with
permutation-based p-value; 2) difference of group medians with p-value from Welch's robust t-test; 3) (applies to
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batched receptors only) treatment coefficient from median regression of pooled-batch data with p-value from the
rank-based Mann-Whitney test; 4) (applies to batched receptors only) sample-weighted average of treatment
coefficients from separate median regressions of data from each batch with p-value as the harmonic mean of
Mann-Whitney p-values calculated separately on each batch; 5) mean matched-pairs estimator (simple average of
all within-pair differences between agonist and vehicle control) with permutation-based p-value; and 6)
regression matched-pairs estimator (treatment coefficient from a within-pairs linear regression) with p-value
from the unbalanced-robust rank-based Skillings-Mack test. Note that (1) was the only approach where we
applied group-based normalization (for all others we used run-based), and that the treatment effects in (5) and
(6) are not strictly the same except in the absence of missing data but they are operationally 100% correlated.

Shi et al., 2025 eLife 14:RP107865. https://doi.org/10.7554/eLife.107865.2 24 of 46


https://doi.org/10.7554/eLife.107865.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/cell-biology

::"....‘ eLife Cell Biology
Cell line Gene Gene description UniProt evidence
SH-SY5Y GRM7 Glutamate metabotropic receptor 7 Evidence at protein level
ADCYAP1R1 ADCYAP receptor type | Evidence at protein level
ADGRA2 Adhesion G protein-coupled receptor A2 Evidence at protein level
ADGRL2 Adhesion G protein-coupled receptor L2 Evidence at protein level
PTGDR Prostaglandin D2 receptor Evidence at transcript level
VN1R1 Vomeronasal 1 receptor 1 Evidence at transcript level

A-431 ADGRG2 Adhesion G protein-coupled receptor G2 Evidence at protein level
ADORA2B Adenosine A2b receptor Evidence at protein level
ADRB2 Adrenoceptor beta 2 Evidence at protein level
CELSR2 Cadherin EGF LAG seven-pass G-type receptor 2 Evidence at protein level
EDNRB Endothelin receptor type B Evidence at protein level
FZD3 Frizzled class receptor 3 Evidence at protein level
FZD6 Frizzled class receptor 6 Evidence at protein level
GPR87 G protein-coupled receptor 87 Evidence at transcript level
GRM1 Glutamate metabotropic receptor 1 Evidence at protein level
OR10Q1 Olfactory receptor family 10 subfamily Q member 1 Evidence at transcript level
P2RY2 Purinergic receptor P2Y2 Evidence at protein level
SSTR2 Somatostatin receptor 2 Evidence at protein level
TACR2 Tachykinin receptor 2 Evidence at protein level

U-251MG HTR7 5-hydroxytryptamine receptor 7 Evidence at protein level
S1PR1 Sphingosine-1-phosphate receptor 1 Evidence at protein level
ADRA1B Adrenoceptor alpha 1B Evidence at protein level
CCR4 C-C motif chemokine receptor 4 Evidence at protein level
EDNRA Endothelin receptor type A Evidence at protein level
FZD1 Frizzled class receptor 1 Evidence at protein level
GPR142 G protein-coupled receptor 142 Evidence at transcript level
GPRC5B G protein-coupled receptor class C group 5 member B Evidence at transcript level

Leucine rich repeat containing G protein-coupled
LGR6 receptor 6 Evidence at protein level
MAS1L MAS1 proto-oncogene like, G protein-coupled receptor Evidence at transcript level
No human protein/transcript

OR6P1 Olfactory receptor family 6 subfamily P member 1 evidence
PTAFR Platelet activating factor receptor Evidence at protein level

U20S GPRC5A G protein-coupled receptor class C group 5 member A Evidence at protein level
GLP2R Glucagon like peptide 2 receptor Evidence at protein level
NMBR Neuromedin B receptor Evidence at protein level
OR4N4 Olfactory receptor family 4 subfamily N member 4 Evidence at transcript level
ACKR2 Atypical chemokine receptor 2 Evidence at protein level
ACKR3 Atypical chemokine receptor 3 Evidence at protein level
ADGRES Adhesion G protein-coupled receptor E5 Evidence at protein level
ADGRF4 Adhesion G protein-coupled receptor F4 Evidence at protein level
ADORA1 Adenosine A1 receptor Evidence at protein level
CALCRL Calcitonin receptor like receptor Evidence at protein level

Table S1. The analysis of GPCR gene expression across various cell lines, as sourced from the Human
Protein Atlas.
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Table S1. (continued)
CCR7 C-C motif chemokine receptor 7 Evidence at protein level
CRHR2 Corticotropin releasing hormone receptor 2 Evidence at protein level
DRD4 Dopamine receptor D4 Evidence at protein level
F2RLA1 F2R like trypsin receptor 1 Evidence at protein level
FZD4 Frizzled class receptor 4 Evidence at protein level
FZD8 Frizzled class receptor 8 Evidence at protein level
GABBR1 Gamma-aminobutyric acid type B receptor subunit 1 Evidence at protein level
GCGR Glucagon receptor Evidence at protein level
GPR156 G protein-coupled receptor 156 Evidence at transcript level
GPR162 G protein-coupled receptor 162 Evidence at protein level
GPR17 G protein-coupled receptor 17 Evidence at protein level
GPR173 G protein-coupled receptor 173 Evidence at protein level
GPR27 G protein-coupled receptor 27 Evidence at transcript level
GPR34 G protein-coupled receptor 34 Evidence at transcript level
GPR63 G protein-coupled receptor 63 Evidence at transcript level
HRH1 Histamine receptor H1 Evidence at protein level
NPFFR2 Neuropeptide FF receptor 2 Evidence at protein level
S1PR4 Sphingosine-1-phosphate receptor 4 Evidence at protein level
SSTR3 Somatostatin receptor 3 Evidence at protein level
VIPR2 Vasoactive intestinal peptide receptor 2 Evidence at protein level
Figure S2. Representative immunoblots showed stimulation of ACKR3 with SDF-1a-induced
phosphorylation of ERK1/2 (pERK1/2) compared to total ERK1/2 (tERK1/2).
[-actin was used as a loading control.
SDF-1a
vVC 3 10 30 100 300 ng/ml
I —— — —
T ———— — PERK1/2
L2 2 1 1 1 ey
S S —— — —  [-actin
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Figure S3. Quantification of EVs in U20S media in response to receptor activation.

U20S cells were incubated with vehicle control (VC) or a selective agonist CCPA (A), PEA (B), Wnt3a (C), or SDF-1a (D) for
ADORA1, HRH1, FZD4, and ACKR3, respectively. EVs were isolated and the concentration was normalized as a percentage of
the media control (MC). EV size distribution following agonist or VC treatment in ADORA1 (E), HRH1 (F), FZD4 (G), and ACKR3
(H). Data are shown as mean + SEM, n=3. A t-test determined no significant differences in EV concentration or size
distribution between the VC and agonist stimulation in all GPCRs, p >0.05.

Shi et al., 2025 eLife 14:RP107865. https://doi.org/10.7554/eLife.107865.2 27 of 46


https://doi.org/10.7554/eLife.107865.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/cell-biology

::,‘/...‘ eLife Cell Biology
miRNA Average Ct SD
hsa-miR-106b-5p 25 1.4
hsa-miR-126-5p 27.0 0.8
hsa-miR-126-3p 24.6 1.1
hsa-miR-127-3p 26.4 0.7
hsa-miR-1305 304 0.2
hsa-miR-142-3p 26.4 1.6
hsa-miR-150-5p 26.4 0.6
hsa-miR-15b-5p 27.8 1.0
hsa-miR-192-5p 28.5 0.8
hsa-miR-194-5p 29.6 0.3
hsa-miR-204-5p 28.8 0.5
hsa-miR-215-5p 29.0 0.6
hsa-miR-223-3p 23.1 0.9
hsa-miR-25-3p 28.0 0.8
hsa-miR-26a-5p 26.1 0.8
hsa-miR-26b-5p 29.1 1.0
hsa-miR-27b-3p 30.1 0.2
hsa-miR-30b-5p 25.0 0.8
hsa-miR-30c-5p 25.0 1.2
hsa-miR-331-3p 25.6 0.8
hsa-miR-338-5p 24.5 0.1
hsa-miR-376a-3p 28.7 0.5
hsa-miR-378 28.8 2.6
hsa-miR-409-3p 26.9 1.3
hsa-miR-494-3p 28.5 0.9
hsa-miR-505-5p 323 0.8
hsa-miR-520c-3p 26.3 0.2
hsa-miR-520d-3p 25.8 0.9
hsa-miR-539-5p 29.2 1.2
hsa-miR-548a-3p 30.6 0.4
hsa-miR-572 26.7 0.3
hsa-miR-601 29.2 0.6
hsa-miR-625-3p 28.1 0.2
hsa-miR-628-5p 31.1 0.6
hsa-miR-875-5p 323 0.5
hsa-miR-451a 24.3 1.2

Table S2. miRNAs detected in media control.
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miRNA Log) fold change p value
Adenosine Al receptor (ADORA1)
miR-550a-5p 1.7 0.0455
miR-1227-3p 1.49 0.0253
miR-454-5p 1.17 0.0143
miR-340-3p 0.85 0.1797
miR-95-3p 0.73 0.1024
miR-31-5p 0.58 0.0143
miR-592 0.55 0.1797
miR-100-5p 0.42 0.0253
let-7d-5p 0.39 0.1024
miR-99a-5p 0.36 0.0253
miR-454-3p 0.35 0.1024
miR-99b-5p 0.31 0.1797
miR-708-5p 0.28 0.1024
miR-1291 0.16 0.1797
miR-92a-3p 0.11 0.1024
miR-186-5p 0.1 0.0143
miR-106a-5p 0.1 0.1797
miR-135b-5p 0.09 0.1024
miR-27a-3p -0.22 0.1024
miR-339-3p -0.29 0.1024
miR-942-5p -0.32 0.1024
miR-148a-3p -0.33 0.1024
miR-577 -0.33 0.1797
miR-130a-3p -0.46 0.1024
miR-769-5p -0.52 0.1024
miR-361-5p -0.62 0.1797
miR-1180-3p -0.66 0.1797
miR-660-5p -0.74 0.1024
miR-135a-5p -0.79 0.0143
Histamine receptor H1 (HRH1)
miR-502-3p 1.57 0.0253
miR-423-5p 0.59 0.0253
miR-34a-5p 0.57 0.1797
miR-365a-3p 0.54 0.1024
miR-519a-3p 0.38 0.1797
miR-199a-3p 0.37 0.0143
miR-130a-3p 0.35 0.1024
miR-99b-5p 0.34 0.1024
miR-708-5p 0.25 0.1024
miR-20b-5p 0.18 0.1797
miR-222-3p 0.16 0.1797
miR-197-3p -0.11 0.1024
Table S3. Differentially expressed miRNAs in the isolated EVs following GPCR activation.
All differentially expressed miRNAs (meeting p < 0.2) after stimulation were listed.
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miR-181a-2-3p -0.18 0.1024
miR-146a-5p -0.21 0.1024
miR-146b-5p -0.23 0.1024
miR-139-3p -0.28 0.0455
miR-483-5p -0.35 0.1024
miR-214-5p -0.38 0.1024
miR-345-5p -0.38 0.1024
miR-1180-3p -0.42 0.1024
miR-339-5p -0.54 0.1797
miR-744-5p -0.62 0.0253
miR-1291 -1.25 0.1024

Frizzled class receptor 4 (FZD4)
miR-518e-3p 1.39 0.0833
miR-422a 1.2 0.1024
miR-564 1.1 0.0833
miR-520e-3p 0.96 0.0833
miR-320b 0.78 0.1024
miR-135b-3p 0.72 0.1797
miR-375-3p 0.48 0.1024
miR-181a-3p 0.41 0.1797
miR-577 0.34 0.0143
miR-1227-3p 0.33 0.1797
miR-15b-3p 0.15 0.1024
miR-455-5p 0.15 0.1024
miR-28-3p -0.09 0.1024
miR-483-5p -0.46 0.1024
miR-95-3p -0.5 0.0143
miR-590-3p -0.5 0.1024
miR-660-5p -0.51 0.0143
miR-625-5p -0.51 0.1797
miR-532-5p -0.69 0.1024
miR-203a-3p -0.9 0.0143
miR-190a-5p -2.24 0.0833
miR-137-3p -2.52 0.1797
Atypical chemokine receptor 3 (ACKR3)
miR-422a 1.11 0.1797
miR-1255b-5p 0.7 0.1797
miR-135b-3p 0.67 0.0253
miR-10b-5p 0.63 0.1797
miR-516a-3p 0.55 0.1797
miR-1227-3p 0.49 0.1024
miR-9-3p 0.37 0.0143
miR-9-5p 0.32 0.1024
miR-324-5p 0.3 0.0143
miR-26a-1-3p 0.29 0.1024
miR-152-3p 0.28 0.0143
miR-221-3p 0.26 0.1797
miR-31-3p 0.26 0.1024
Table S3. (continued)
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Table S3. (continued)
miR-1180-3p 0.21 0.0833
miR-708-5p 0.19 0.1024
miR-125b-1-3p 0.16 0.1797
miR-590-5p 0.14 0.1024
miR-339-3p -0.17 0.0143
miR-191-3p -0.23 0.1024
miR-125a-5p -0.3 0.0143
miR-502-3p -0.6 0.1797
miR-642a-5p -0.7 0.1024

Figure S4. The top 10 hub genes identified in miRNA targets (= 1.5-fold change) PPI network.
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Figure S5. Pathway analysis of miR-502-3p and miR-137 targets.
The bubble plots showed the top 25 significantly enriched KEGG pathways for the targets of (A) miR-502-3p and (B) miR-137.
The dot size represents the number of enriched gene targets, and the color shows the p-value of the enrichment. For the
enrichment analysis, the cut-off criteria were p-value (FDR) < 0.05 and gene count > 2. KEGG term abbreviations: **
Aldosterone-regulated sodium reabsorption.
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Data availability

The microRNA array data is MIAME compliant and have been deposited to the Gene expression
Omnibus site: https://www.ncbi.nlm.nih.gov/geo/. GEO accession numbers: GSE270077,
GSE270078, GSE270079, and GSE270080. All data needed to evaluate the conclusions in the paper
are present in the paper or in the Supplemental Materials. Materials are available upon request
from the corresponding author.
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Summary:

GPCRs affect the EV-miRNA cargoes

Strengths:

Novel idea of GPCRs-mediated control of EV loading of miRNAs
Weaknesses:

Incomplete findings failed to connect and show evidence of any physiological parameters
that are directly related to the observed changes. The mechanical detail is completely lacking.

Comments on revisions:

The revised version of the manuscript falls short of the required standard by lacking
additional experiments. Some of the conditions for acceptability could have been met only
through clarifying uncertainties via further experiments, which, unfortunately, have not
been conducted.
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Reviewer #2 (Public review):
Summary:

This study examines how activating specific G protein-coupled receptors (GPCRs) affects the
microRNA (miRNA) profiles within extracellular vesicles (EVs). The authors seek to identify
whether different GPCRs produce unique EV miRNA signatures and what these signatures
could indicate about downstream cellular processes and pathology processes.

Methods:
Used U20S human osteosarcoma cells, which naturally express multiple GPCR types.
Stimulated four distinct GPCRs (ADORA1, HRH1, FZD4, ACKR3) using selective agonists.

Isolated EVs from culture media and characterized them via size exclusion chromatography,
immunoblotting, and microscopy.
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Employed qPCR-based miRNA profiling and bioinformatics analyses (e.g., KEGG, PPI
networks) to interpret expression changes.

Key Findings:
No significant change in EV quantity or size following GPCR activation.
Each GPCR triggered a distinct EV miRNA expression profile.

miRNAs differentially expressed post-stimulation were linked to pathways involved in
cancer, insulin resistance, neurodegenerative diseases, and other physiological/pathological
processes.

miRNAs such as miR-550a-5p, miR-502-3p, miR-137, and miR-422a emerged as major
regulators following specific receptor activation.

Conclusions:

The study offers evidence that GPCR activation can regulate intercellular communication
through miRNAs encapsulated within extracellular vesicles (EVs). This finding paves the way
for innovative drug-targeting strategies and enhances understanding of drug side effects that
are mediated via GPCR-related EV signaling.

Strengths:

Innovative concept: The idea of linking GPCR signaling to EV miRNA content is novel and
mechanistically important.

Robust methodology: The use of multiple validation methods (biochemical, biophysical, and
statistical) lends credibility to the findings.

Relevance: GPCRs are major drug targets, and understanding off-target or systemic effects via
EVs is highly valuable for pharmacology and medicine.

Weaknesses:

Sample Size & Scope: The analysis included only four GPCRs. Expanding to more receptor
types or additional cell lines would enhance the study's applicability.

Exploratory Nature: This study is primarily descriptive and computational. It lacks functional
validation, such as assessing phenotypic effects in recipient cells, which is acknowledged as a
future step.

EV heterogeneity: The authors recognize that they did not distinguish EV subpopulations,
potentially confounding the origin and function of miRNAs.

Comments on revisions:

All the comments have been taken into account. I wish the authors success in their future
research.

https://doi.org/10.7554/eLife.107865.2.sa1

Author response:
The following is the authors’ response to the original reviews.

| Public Reviews:
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Reviewer #1 (Public review):
Summary:

In this manuscript, the authors explore a novel concept: GPCR-mediated regulation of
miRNA release via extracellular vesicles (EVs). They perform an EV miRNA cargo profiling
approach to investigate how specific GPCR activations influence the selective secretion of
particular miRNAs. Given that GPCRs are highly diverse and orchestrate multiple cellular
pathways - either independently or collectively - to regulate gene expression and cellular
functions under various conditions, it is logical to expect alterations in gene and miRNA
expression within target cells.

Strengths:
The novel idea of GPCRs-mediated control of EV loading of miRNAs.
Weaknesses:

Incomplete findings failed to connect and show evidence of any physiological parameters
that are directly related to the observed changes. The mechanical detail is lacking.

We appreciate the reviewer's acknowledgment of the novelty of this study. We agree with the
reviewer that further mechanistic insights would strengthen the manuscript. The
mechanisms by which miRNA is sorted into EVs remain poorly understood. Various factors,
including RNAbinding protein, sequence motifs, and cellular location, can influence this
sorting process(Garcia-Martin et al., 2022; Liu & Halushka, 2025; Villarroya-Beltri et al., 2013;
Yoon et al., 2015). Ago2, a key component of the RNA-induced silencing complexes, binds to
miRNA and facilitates miRNA sorting. Ago2 has been found in the EVs and can be regulated
by the cellular signaling pathway. For instance, McKenzie et al. demonstrated that KRAS-
dependent activation of MEK-ERK can phosphorylate Ago2 protein, thereby regulating the
sorting of specific miRNAs into EVs(McKenzie et al., 2016). In the differentiated PC12 cells,
Gaq activation leads to the formation of Ago2-associated granules, which selectively
sequester unique transcripts(Jackson et al., 2022). Investigating GPCR, G protein, and GPCR
signaling on Ago2 expression, location, and phosphorylation states could provide valuable
insights into how GPCRs regulate specific miRNAs within EVs. We have expanded these
potential mechanisms and future research in the discussion section (page 16-17).

The manuscript falls short of providing a comprehensive understanding. Identifying
changes in cellular and EV-associated miRNAs without elucidating their physiological
significance or underlying regulatory mechanisms limits the study's impact. Without
demonstrating whether these miRNA alterations have functional consequences, the
findings alone are insufficient. The findings may be suitable for more specialized
journals.

Thank you for the feedback. We acknowledge that validating the target genes of the top
candidate miRNAs is an important next step. In response to the reviewer's concerns, we have
expanded the discussion of future research in the manuscript (page 19-20). Although this
initial study is primarily descriptive, it establishes a novel conceptual link between GPCR
signaling and EV-mediated communication.

Furthermore, a critical analysis of the relationship between cellular miRNA levels and EV
miRNA cargo is essential. Specifically, comparing the intracellular and EV-associated
miRNA pools could reveal whether specific miRNAs are preferentially exported, a
behavior that should be inversely related to their cellular abundance if export serves a
beneficial function by reducing intracellular levels. This comparison is vital to strengthen
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the biological relevance of the findings and support the proposed regulatory
mechanisms by GPCRs.

We appreciate the valuable suggestions from the reviewer. EV miRNA and cell miRNAs may
exhibit distinct profiles as miRNAs can be selectively sorted into or excluded from EVs(Pultar
et al., 2024; Teng et al., 2017; Zubkova et al,, 2021). Investigating the difference between
cellular miRNA levels and EV miRNA cargo would provide insight into the mechanism of
miRNA sorting and the functions of miRNAs in the recipient cells. The expression of the
cellular miRNAs is a highly dynamic process. To accurately compare the miRNA expression
levels, profiling of EV miRNA and cellular miRNA should be conducted simultaneously.
However, as an exploratory study, we were unable to measure the cellular miRNAs without
conducting the entire experiment again.

Reviewer #2 (Public review):
Summary:

This study examines how activating specific G protein-coupled receptors (GPCRs) affects
the microRNA (miRNA) profiles within extracellular vesicles (EVs). The authors seek to
identify whether different GPCRs produce unique EV miRNA signatures and what these
signatures could indicate about downstream cellular processes and pathological
processes.

Methods:
(1) Used U20S human osteosarcoma cells, which naturally express multiple GPCR types.
(2) Stimulated four distinct GPCRs (ADORA1, HRH1, FZD4, ACKR3) using selective agonists.

(3) Isolated EVs from culture media and characterized them via size exclusion
chromatography, immunoblotting, and microscopy.

(4) Employed qPCR-based miRNA profiling and bioinformatics analyses (e.g., KEGG, PPI
networks) to interpret expression changes.

Key Findings:
(1) No significant change in EV quantity or size following GPCR activation.
(2) Each GPCR triggered a distinct EV miRNA expression profile.

(3) miRNAs differentially expressed post-stimulation were linked to pathways involved in
cancer, insulin resistance, neurodegenerative diseases, and other
physiological/pathological processes.

(4) miRNAs such as miR-550a-5p, miR-502-3p, miR-137, and miR-422a emerged as major
regulators following specific receptor activation.

Conclusions:

The study offers evidence that GPCR activation can requlate intercellular communication
through miRNAs encapsulated within extracellular vesicles (EVs). This finding paves the
way for innovative drug-targeting strategies and enhances understanding of drug side
effects that are mediated via GPCR-related EV signaling.

Strengths:

(1) Innovative concept: The idea of linking GPCR signaling to EV miRNA content is novel
and mechanistically important.
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(2) Robust methodology: The use of multiple validation methods (biochemical,
biophysical, and statistical) lends credibility to the findings.

(3) Relevance: GPCRs are major drug targets, and understanding off-target or systemic
effects via EVs is highly valuable for pharmacology and medicine.

Weaknesses:

(1) Sample Size & Scope: The analysis included only four GPCRs. Expanding to more
receptor types or additional cell lines would enhance the study's applicability.

We are encouraged that the reviewer recognized the novelty, methodological rigor, and
significance of our work. We recognize the limitations of our current model system and
emphasize the need to test additional GPCR families and cell lines in the future studies, as
detailed in the discussion section (Page 19, second paragraph).

(2) Exploratory Nature: This study is primarily descriptive and computational. It lacks
functional validation, such as assessing phenotypic effects in recipient cells, which is
acknowledged as a future step.

We appreciate the feedback. We recognize the importance of validating the function of the
top candidate miRNAs in the recipient cells, and this will be included in future studies (page
19-20).

(3) EV heterogeneity: The authors recognize that they did not distinguish EV
subpopulations, potentially confounding the origin and function of miRNAs.

Thank you for the comment. EV isolation and purification are major challenges in EV
research. Current isolation techniques are often ineffective at separating vesicles produced
by different biogenetic pathways. Furthermore, the lack of specific markers to differentiate
EV subtypes adds to this complexity. We recognize that the presence of various
subpopulations can complicate the interpretation of EV cargos. In our study, we used a
combined approach of ultrafiltration followed by size-exclusion chromatography to achieve a
balance between EV purity and yield. We adhere to the MISEV (Minimal Information for
Studies of Extracellular Vesicles 2023) guidelines by reporting detailed isolation methods,
assessing both positive and negative protein markers, and characterizing EVs by electron
microscopy to confirm vesicle structure, as well as nanoparticle tracking analysis to verify
particle size distribution(Welsh et al., 2024). By following these guidelines, we can ensure the
quality of our study and enhance the ability to compare our findings with other studies.

Recommendations for the authors:
Reviewer #2 (Recommendations for the authors):

Suggestions for Future Research:

(1) Functionally validate top candidate miRNAs in recipient cells.

We acknowledge that validating the target genes of the top candidate miRNAs is a crucial
next step. In response to the reviewer's concerns, we have included this in the discussion as
future research in the manuscript (page 19-20).

| (2) Investigate other GPCR families and repeat in primary or disease-relevant cell lines.

The inclusion of different GPCRs and cell lines is suggested as an area for further
investigation in the discussion. (Page 19).
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(3) Apply similar approaches in in vivo models or patient samples to assess clinical
relevance.

In response to the reviewer's concerns, we have included this in the discussion as future
research in the manuscript (page 19-20).
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