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SUMMARY 

About 150 post-transcriptional RNA modifications have been identified in all kingdoms 

of life. During RNA catabolism, most modified nucleosides are resistant to degradation 

and are released into the extracellular space. In this study, we explored the physiological 

role of these extracellular modified nucleosides and found that N6-methyladenosine 

(m6A), widely known as an epigenetic mark in RNA, acts as a ligand for the adenosine 

A3 receptor, for which it has greater affinity than unmodified adenosine. Structural 

modeling defined the amino acids required for specific binding of m6A to the A3 receptor. 

m6A is dynamically released in response to cytotoxic stimuli and facilitates type I allergy. 

Our findings shed light on m6A as a signaling molecule with the ability to activate GPCRs, 

a previously unreported property of RNA modifications. 
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INTRODUCTION 

Cellular RNA species, including transfer RNA (tRNA), ribosomal RNA (rRNA), and 

messenger RNA (mRNA), contain a wide variety of post-transcriptional chemical 

modifications. About 150 species of RNA modifications have been identified in RNA 

species from all kingdoms of life (Boccaletto et al., 2018). These modifications are 

indispensable for the localization and stability of RNA molecules, as well as for their 

physiological function as regulators of translation (Roundtree et al., 2017a; Frye et al., 

2016). Dysregulation of RNA modifications is associated with various human disorders, 

including diabetes, cancer, and mitochondrial diseases (Wei et al., 2011; Wei et al., 2015; 

Fakruddin et al., 2018; Jonkhout et al., 2017). In contrast to the numerous studies on the 

biological and pathological functions of RNA modifications, the metabolic fate of 

modified RNAs is not fully understood.  

RNA is constantly undergoing turnover and its degradation is a catabolic process. 

During RNA breakdown, unmodified nucleosides are recycled for nucleotide 

biosynthesis through salvage pathways or degraded into uric acid and β-aminosibutyric 

acid/β-alanine. Alternatively, unmodified nucleosides are released into the extracellular 
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space where they act as signaling molecules. Among unmodified nucleosides, the purine 

nucleoside adenosine has been intensively studied because of its vital roles in 

pathophysiological functions. Extracellular adenosine can be generated from hydrolysis 

of extracellular adenosine triphosphate (ATP) or efflux from the cytosol through 

equilibrative nucleoside transporters (ENTs) (Eltzschig et al., 2009). The extracellular 

adenosine binds to four types of purinergic receptors coupled with distinct G proteins, 

which subsequently regulates second messenger pathways including cAMP and calcium 

mobilization, and induces a multitude of physiopathological responses including 

circulation, immune responses, and central nervous systems (Borea et al., 2018).  

In contrast to unmodified nucleosides, modified nucleosides are preferentially excreted 

and cannot enter the salvage pathway due to virtual absence of specific kinases and stable 

5’-nucleotide intermediates during enzymatic hydrolysis of oligonucleotides containing 

modified nucleotides (Uziel et al., 1980; Uziel et al., 1979; Lothrop et al., 1982). 

Consequently, modified nucleosides are excreted as metabolic end products in urine after 

circulation in blood (Pane et al., 1992; Willmann et al., 2015; Mandel et al., 1966). To 

date, some extracellular modified nucleosides have been identified as potential 
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biomarkers of certain diseases, including tumors and AIDS (Borek et al., 1977; Seidel et 

al., 2006), whether these modified nucleosides can directly activate receptors has 

remained unexplored. 

To test the hypothesis that extracellular modified nucleosides might serve as potential 

ligands for receptors, we screened a panel of modified nucleosides that were clearly 

present in human plasma against P1 class purinergic receptors. The screening revealed 

that N6-methyladenosine (m6A) molecule, one of the most abundant chemical 

modifications on mRNA, is a selective and potent ligand of the adenosine A3 receptor 

(A3R). We also identified the downstream signaling pathways mediated by m6A and 

demonstrate that m6A binding to the A3R receptor has implications for allergic responses 

mediated by A3R. Collectively, our findings reveal a previous unknown property of m6A 

as an extracellular signaling molecule and thus provide a starting point for future studies 

into extracellular modified nucleoside-mediated pathophysiology. 

 

  

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 22, 2020. ; https://doi.org/10.1101/2020.11.21.391136doi: bioRxiv preprint 

https://doi.org/10.1101/2020.11.21.391136
http://creativecommons.org/licenses/by-nc-nd/4.0/


 8 

RESULTS 

Activation of adenosine A3 receptor by extracellular m6A 

We applied a mass spectrometry-based methodology to quantitatively profile modified 

nucleosides in human plasma, in which a total of 20 species of modified nucleosides were 

clearly detected (Fig. S1A-B). When modified nucleosides were classified into subclasses, 

seven species of modified adenosines, four species of modified uridines, cytidines, and 

guanosine, and two species modified inosines were detected. Modified nucleosides in 

these fluids constituted 49% of all nucleosides in human plasma (Fig. 1A). These 

modified nucleosides were also abundant in serum, aqueous humor, vitreous humor and 

urine, not only in human but also in non-human mammals such as mouse and rabbit (Fig. 

1A, S1C). 

The wide variety of extracellular modified nucleosides prompted us to speculate that 

these molecules might act as ligands for receptors. Among nucleoside receptors, 

adenosine and its derivatives have been extensively studied as natural ligands of a subset 

of G-protein-coupled receptors (GPCRs) known as P1 class purinergic adenosine 

receptors (Jacobson et al., 2006). Adenosine receptors (ARs) have been grouped into four 
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subtypes (A1, A2A, A2B, and A3), all of which are activated by extracellular adenosine. 

Using a TGF-α shedding assay (Inoue et al., 2012), we screened 20 modified nucleosides 

to determine if they would activate ARs. We found that m1A, m6A, and m6Am were 

capable of activating ARs, with m6A having the highest activation level for A3R (Fig 1B). 

A detailed pharmacological analysis revealed that the potency of m6A for A3R activation 

was higher than that of adenosine (EC50, m6A: 9.8 ± 0.39 nM; adenosine: 91 ± 11 nM: 

Fig 1C). The potency of m6A as an activator of A3R was comparable to those of well-

known synthetic A3R agonists (Fig. S1D). To quantitatively analyze the potency of m6A 

relative to adenosine, we calculated relative intrinsic activity (RAi) values by dividing 

the Emax/EC50 value of m6A by that of adenosine (Inoue et al., 2019; Ehlert et al., 1999). 

The RAi value of m6A vs. adenosine was 10 ± 1.7 for A3R but much lower for adenosine 

receptors (A1R: 0.10 ± 0.017, A2AR: 0.072 ± 0.0065, A2BR: 0.10 ± 0.0073; Fig. 1). 

m6A-induced A3R activation was confirmed by two other GPCR assays that detect 

proximal signaling events including Gi1 dissociation (Fig. S1E) and β-arrestin recruitment 

(Inoue et al., 2019) (Fig. S1F). In both experiments, the potency of m6A was markedly 

higher than that of adenosine. These findings show that m6A is a potent and selective 
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ligand for A3R; moreover, our results show that m6A, along with other modified 

nucleosides, constitutes a previously uncharacterized category of metabolites. 

The origin of extracellular m6A 

m6A is one of the most abundant modifications in mRNA, but it is also present in other 

RNA species including rRNA, U6 small nuclear RNA (snRNA), and long non-coding 

RNA (lncRNA) (Roundtree et al., 2017a; Gilbert et al., 2016; Zhao et al., 2017). All 

methyl groups in the methylated purine and pyrimidine moieties of RNA molecules 

originate from direct transfer of the methyl group of methionine (Mandel et al., 1963). To 

determine the origin of extracellular m6A, we utilized stable isotope-labeled methionine 

(13C-Met), which can be incorporated into RNA as a methyl donor. Cells were treated 

with 13C-Met for 12 h, followed by a chase period of 48 h (Fig. 2A). A decrease in the 

level of 13C-m6A in RNA was clearly associated with an increase in the extracellular level 

of 13C-m6A, suggesting that extracellular 13C-m6A was derived from RNA as a result of 

RNA turnover (Fig. 2B). We also injected 13C-Met into the anterior chamber of rabbit 

eyes (Fig. S2A) and detected 13C-m6A in eye fluids as an extracellular metabolite (Fig. 

S2B), as well as in RNA from ocular tissues (Fig. S2C).  
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Next, we measured the relative abundance of 13C-m6A in major RNA species and the 

kinetics of its decline. 13C-m6A containing RNA was separated into < 200 nt small RNA 

(tRNA and snRNA) and > 200 nt large RNA (rRNA and mRNA), which was further 

separated into 18S rRNA, 28S rRNA, and mRNA (Fig. 2A). At the beginning of the chase 

period, more than 90% of 13C-m6A in total RNA was found in large RNAs (Fig. 2C), of 

which 87% was present in rRNA and 13% in mRNA (Fig. 2D), indicating that most m6A 

had been incorporated into rRNAs. During the chase period, the levels of 13C-m6A in both 

18S rRNA and 28S rRNA gradually declined, with half-lives of 5.5 and 4.9 h, respectively. 

By contrast, turnover of 13C-m6A in mRNA was very fast, with a half-life of 2.2 h. 

Therefore, it is likely that extracellular m6A is derived from multiple RNA species 

including mRNA and rRNA. In line with this hypothesis, the extracellular level of m6A 

significantly decreased to 63% in cells lacking both ZCCHC4 and METTL5 (Fig. 2E), 

which are responsible for m6A modification of 28S and 18S rRNA, respectively (Fig. 

S2D-F) (Ma et al., 2019; van Tran et al., 2019). 

Stimulation-dependent release of m6A  
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The extracellular adenosine level changes dynamically in response to various stresses, 

e.g., cytotoxic stimulation and hypoxia (Jackson et al., 2017; Saito et al., 1999). To 

determine whether extracellular m6A is also affected by external stimuli, we challenged 

cells with various cytotoxic reagents and measured the amount of extracellular m6A by 

mass spectrometry. Mitomycin C (MMC), staurosporine, and hydrogen peroxide (H2O2) 

all increased extracellular m6A in a dose-dependent manner (Fig. 3A-D), and the H2O2-

induced increase was decreased to 63% in cells lacking the two enzymes required for 

m6A modification of rRNA (Fig. 3E). Notably, the extracellular levels of other modified 

adenosines did not increase, but rather decreased, when cells were treated with cytotoxic 

reagents (Fig. 3A). Furthermore, extracellular m6A and adenosine exhibited distinct 

release patterns: extracellular adenosine levels rapidly increased but returned to baseline 

24 h after H2O2 treatment, whereas extracellular m6A levels gradually increased and 

peaked 24 h after H2O2 treatment (Fig. 3F). In addition to cytotoxic conditions, we also 

subjected cells to hypoxic conditions and monitored the extracellular m6A level. Hypoxia 

markedly decreased the extracellular levels of m6A and other modified adenosines (Fig. 

S3A-B). The stimulation-dependent release of m6A in culture cells prompted us to 
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examine m6A release in vivo. Specifically, we monitored m6A and adenosine in serum 

and tissue interstitial fluids in a mouse model of lipopolysaccharide (LPS)-induced shock. 

After LPS injection, the m6A level increased in serum, liver, spleen, and lung (Fig. 3G), 

whereas the adenosine level did not change significantly, except in liver (Fig. 3H). These 

results suggest that m6A is actively released in response to cytotoxic stimulation in vivo, 

and that its pathophysiological role in the stress response is distinct from that of adenosine. 

Next, we sought to determine the factors that are responsible for the generation of 

extracellular m6A. The major RNA degradation pathways in the cell are Xrn1/2-mediated 

5’-3’ RNA degradation and exosome-mediated 3’-5’ RNA degradation (Houseley et al., 

2009). Knockdown of key ribonucleases in the two pathways revealed that 5’-3’ 

exoribonuclease 1 (XRN1) is involved in the generation of extracellular m6A. At steady 

state, the extracellular m6A level decreased by 45 % upon silencing of XRN1 (Fig. S3C). 

Silencing of XRN1 also significantly decreased the level of extracellular m6A upon H2O2 

stimulation, although the reduction was moderate (19% reduction) (Fig. S3D), suggesting 

that an XRN1-independent RNA degradation pathway is also involved in the generation 

of extracellular m6A.  
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Besides ribonuclease-mediated degradation, the lysosome is the major organelle for 

RNA degradation (Arsenis et al., 1970; Fujiwara et al., 2013). To determine whether the 

lysosome is involved in the generation of extracellular m6A, we treated cells with the 

lysosome inhibitor chloroquine and exposed them to H2O2. As with XRN1 knockdown, 

chloroquine treatment decreased the level of extracellular m6A (Fig. S3E). Notably, 

chloroquine dramatically decreased m6A release induced by H2O2 treatment in a dose-

dependent manner (Fig. 3I). The same drastic decrease was observed upon treatment with 

another lysosomal inhibitor, concanamycin A (Fig. S3F). By contrast, inhibition of 

lysosomal protease activity with E64d had no effect on extracellular m6A release (Fig. 

S3G). Collectively, our results demonstrated that basal m6A release is mediated by both 

XRN1 and lysosomes, whereas stimulation-dependent m6A release is mainly regulated 

by lysosomes. 

m6A-mediated signaling transduction and its implications for the allergic response  

To determine whether extracellular m6A is capable of activating intracellular signaling 

transduction via A3R, we expressed A3R in HEK293 cells and stimulated them with m6A. 

Application of m6A induced a rapid phosphorylation of extracellular signal-regulated 
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kinase 1/2 (ERK1/2), which was abolished by the A3R antagonist or the Gi inhibitor 

pertussis toxin (PTX) (Fig. S4A). Calcium is a key second messenger downstream of 

A3R activation (Shneyvays et al., 2004). Application of m6A rapidly induced an 

intracellular calcium transient that was effectively abolished by the A3R antagonist (Fig. 

S4B).  

Next, we sought to reveal the physiological role of m6A as a ligand of A3R. A3R is 

broadly expressed in tissues, with relatively high expression in immune cells. In the 

immune system, A3R activation contributes to the type I allergic response by facilitating 

mast cell degranulation (Reeves et al., 1997; Borea et al., 2015). To determine whether 

m6A is capable of activating mast cells, we treated rat mast cell-derived RBL-2H3 cells 

with m6A in the presence of antigen (IgG). m6A potentiated mast cell degranulation in a 

dose-dependent manner (Fig. 4A). Mechanistically, m6A evoked typical Gi-mediated 

signaling, including suppression of cAMP production and resulted in an intracellular 

calcium transient through A3R (Fig. 4B-C). Furthermore, to confirm that m6A can 

facilitate the type I allergy response in vivo, we used a passive cutaneous anaphylaxis 

(PCA) model (Ovary et al., 1958). Application of m6A in vivo significantly enhanced the 
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allergic reaction in a dose-dependent manner (Fig. 4D-E), and this effect was potently 

inhibited by treatment with A3R antagonist (Fig. 4F).  

Molecular basis of selective A3R activation by m6A  

Finally, we sought to elucidate the molecular basis underlying m6A-mediated activation 

of A3R. The structures of the orthosteric pockets in A1R and A2AR are very similar 

(Draper-Joyce et al., 2018; Carpenter et al., 2016), suggesting that this feature is highly 

similar among adenosine receptors. Among the four adenosine receptor subtypes, A3R 

and A1R share 41% identity at the amino acid sequence level, and both receptors bind to 

Gi/o proteins (Fig. S5A). Given the similarities between A3R and A1R, we performed 

homology modeling of A3R based on the A1R structure (Fig. 5A upper), which was 

solved by cryo-electron microscopy in complex with adenosine and Gi protein (PDB ID 

6D9H) (Draper-Joyce et al., 2018). The A3R homology model indicated that the 

orthosteric binding pocket for m6A is highly conserved between A1R, A2AR, and A3R, 

except for the regions in between extracellular loop 2 (ECL2) and transmembrane (TM) 

domains 6 and 7 (Fig. 5B, Fig. S5A). Notably, A3R contains hydrophobic V1695.30 and 

I2536.58 at ECL2 and TM6, whereas the corresponding amino acids in A1R and A2AR 
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are hydrophilic glutamic acid and threonine (E1725.30 and T2576.58 for A1R; E1695.30 and 

T2566.58 for A2AR). Moreover, a recent study showed that A1R T2707.35 and A2AR 

M2707.35, which correspond to L2647.35 at TM7 in A3R, confer ligand selectivity (Cheng 

et al., 2017). The A3R homology model demonstrated that the methyl group of m6A can 

form a close van der Waals interaction with the hydrophobic residues V1695.30, I2536.58, 

and L2647.35 of A3R (Fig. 5A, lower). By contrast, adenosine is relatively distant from 

these three residues due to its lack of a methyl group (Fig. 5A, lower). These observations 

showed that an addition of a methyl group at the nitrogen-6 position of adenosine 

stabilizes the hydrophobic region of A3R, and that this contributes to the receptor’s 

selectivity for m6A.  

To experimentally validate the result of homology modeling, we mutated these 

residues in WT A3R (V1695.30, I2536.58, and L2647.35) to the corresponding residues in 

A1R or A2AR, and tested whether the mutations could selectively decrease m6A-

mediated A3R activation (Fig. 5C, Fig. S5B). Among the series of mutant A3Rs, the 

I2536.58T and L2647.35M mutations selectively reduced A3R activation by m6A (RAi = 

0.47 ± 0.048 for I2536.58T; RAi = 0.35 ± 0.024 for L2647.35M), but not by adenosine (RAi 
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= 1.2 ± 0.098 for I2536.58T; RAi = 0.99 ± 0.031 for L2647.35M). On the other hand, the 

V1695.30E mutation abolished both m6A- and adenosine-mediated A3R activation (RAi = 

0.0019 ± 0.00020 for m6A; RAi = 0.0092 ± 0.0037 for adenosine). In addition, we 

mutated the residues in A1R or A2AR to the corresponding residues in A3R, and tested 

whether the mutations could increase the response of A1R and A2AR to m6A. Indeed, 

the A1R T2576.58I and A2AR T2566.58I mutants exhibited an increase in receptor 

sensitivity toward m6A (RAi = 71 ± 9.5 and 6.5 ± 0.91, respectively) and a decrease in 

sensitivity toward adenosine (RAi = 0.67 ± 0.099 and 0.084 ± 0.0038, respectively). 

Likewise, the A2AR M2707.35L mutant also exhibited an increase in receptor sensitivity 

for m6A (RAi = 2.8 ± 0.94). Moreover, the A2AR E1695.30V mutant showed an increase 

in receptor sensitivity to m6A (RAi = 4.7 ± 0.53) and a concomitant decrease in receptor 

sensitivity to adenosine (RAi = 0.20 ± 0.016), whereas the A1R E1725.30V mutant 

exhibited an increase in receptor sensitivity to both m6A and adenosine (RAi = 15 ± 2.5 

and 1.3 ± 0.20, respectively). These results suggest that A3R I2536.58 and L2647.35 are 

required for the selectivity toward m6A, whereas A3R V1695.30 is required for the affinity 

for m6A. 
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The important role of I2536.58, L2647.35, and V1695.30 in m6A-mediated A3R activation 

prompted us to investigate whether these residues are evolutionarily conserved. 

Alignment of A3R across vertebrates revealed that these three residues changed over the 

course of evolution, whereas the other residues constituting the orthosteric site are highly 

conserved (Fig. 5D-E, Fig. S5C). I253 and L264 are only conserved in human, cow, and 

pig; by contrast, mouse and rat have serine and methionine at the corresponding residues. 

V169 is only present in human A3R (hs-A3R), whereas other mammals have arginine at 

the corresponding residue (Fig. 5D). Moreover, the variability of these residues is even 

higher among non-mammalian vertebrates than among mammals. Consistent with this, a 

GPCR assay revealed that the potency of m6A-mediated A3R activation gradually 

increased with evolutionary closeness to human (EC50: not applicable in non-mammalian 

vertebrates; 1.3 ± 0.12 µM for M. musculus A3R (Mm-A3R); 1.1 ± 0.19 µM for R. 

norvegicus A3R (Rn-A3R); 39 ± 3.1 nM for S. scrofa (Ss-A3R); 13 ± 2.0 nM for B. taurus 

A3R (Bt-A3R); and 9.8 ± 0.39 nM for H. sapiens (Hs-A3R); Fig. 5F). Notably, the 

selectivity for m6A vs. adenosine also exhibited the same evolutionary pattern (RAi = 

0.23 ± 0.012 for Mm-A3R; 0.26 ± 0.030 for Rn-A3R; 5.8 ± 0.36 for Ss-A3R; 7.1 ± 0.44 
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for Bt-A3R; and 10 ± 1.7 for Hs-A3R, Fig. 5G, Fig. S5D). Our data suggest that the 

acquisition of m6A reactivity emerged as a consequence of A3R evolutionary changes in 

particular A3R residues.  
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DISCUSSION 

To date, over 150 species of RNA modifications have been identified in all domains of 

life. It has been known for decades that these modified nucleosides are excreted as 

metabolic end products of RNA breakdown (Pane et al., 1992; Willmann et al., 2015; 

Mandel et al., 1966). However, most studies have focused on their potential clinical 

applications as biomarkers (Borek et al., 1977; Seidel et al., 2006). In the present study, 

we systematically explored the potential role of extracellular modified nucleosides as 

signaling molecule. As a proof-of-concept, we screened various modified nucleosides 

against P1 purinergic receptors, and found that some modified nucleosides acted as 

ligands for ARs. m6A was the most selective and potent ligand for A3R even compared 

to unmodified adenosine. These findings demonstrate that modified nucleosides are not 

just byproducts of RNA degradation released into the extracellular space, but can act as 

signaling molecules that regulate physiological functions via their binding to specific 

receptors on the cell membrane.  

RNA modifications have recently emerged as a new research field known as 

epitranscriptomics. Among these modifications, m6A is one of the most abundant 
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modifications of mRNA, and serves as an epigenetic landmark for post-transcriptional 

gene regulation including alternative splicing, export, structure, stability, processing, 

metabolism, and translation (Xiao et al., 2016; Roundtree et al., 2017b; Liu et al., 2017; 

Wang et al., 2014; De Jesus et al., 2019; Wang et al., 2015). Consequently, the m6A 

modification is involved in multiple biological functions including immune response and  

learning and memory, as well as in tumorigenesis (Winkler et al., 2019; Shi et al., 2018; 

Lan et al., 2019). In addition to the regulatory roles of the m6A modification in RNA 

function, our results demonstrate that extracellular m6A is generated from RNA 

catabolism and activates A3R as signaling molecule. Furthermore, our homology 

modeling revealed that the selectivity of m6A toward A3R is mediated by specific 

hydrophobic amino acids located in the substrate binding pocket of A3R. In line with this 

observation, substitution of these hydrophobic amino acids with neutral or hydrophilic 

amino acids reduced A3R selectivity for m6A. Intriguingly, these residues show species 

variability in vertebrates. The potency of m6A and the selectivity of m6A vs. adenosine 

for A3R activation gradually increased with evolutionarily closeness to humans and with 

changes in amino acids in the substrate binding pocket of A3R of those of human. 
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Therefore, it is probable that the selectivity toward m6A was acquired over the course of 

evolution as the consequence of changes in key A3R residues.  

The release of unmodified and modified nucleosides into the extracellular space is 

highly dynamic after cells are exposed to external stress such as H2O2, but the pathways 

leading to release appear to be different for unmodified and modified nucleosides. It is 

well-established that extracellular adenosine stems from hydrolysis of ATP, particularly 

under cytotoxic conditions (Jackson et al., 2017). By contrast, the release of m6A appears 

to involve lysosome-dependent degradation. Because lysosome contains abundant acid 

nuclease and phosphatase, it is likely that most of m6A is generated in lysosome through 

degradation of macro RNAs. It remains unclear why release of m6A but not that of other 

modified nucleosides is selectively increased by external stress. Further study is needed 

to identify the lysosomal enzymes that are responsible for the generation and release of 

m6A.  

It is worthwhile noting that N6-methyl-AMP (N6-mAMP), which is also possibly 

generated by RNA catabolism, has been detected in plant cells and human cancer cells 

(Chen et al., 2018). Although the amount of intracellular N6-mAMP is far lower than that 
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of AMP (Chen et al., 2018), it is conceivable that some N6-mAMP is released from cells 

and hydrolyzed to m6A upon cytotoxic stimulation. 

Although most RNA modifications are catalyzed by corresponding modifier enzymes, 

RNA modifications can be formed by spontaneous chemical reactions resulting from 

RNA oxidative damage. For example, 8-hydroxyguanosine (8-OHG) is a major product 

of RNA oxidation (Fiala et al., 1989; Nunomura et al., 1999) and is detected in human 

extracellular fluid, including serum and cerebrospinal fluid, where its presence is likely 

associated with cellular oxidative stress (Gmitterová et al., 2018). A previous study 

reported that 8-OHG might act as a modulator for toll-like receptors (TLRs), but only in 

the presence of oligoribonucleotides (Shibata et al., 2016). Given the selective and potent 

activition of A3R by m6A and its implication in mast cells, it is likely that m6A and other 

modified nucleosides might have synergistic effects on the immune response.  

A limitation of the current work is that it is technically difficult to manipulate the 

amount of extracellular m6A especially in vivo, because genetic deletion of m6A-

modifying enzymes would impact the function of RNA itself. Development of novel tools, 

such as neutralizing antibodies against extracellular m6A, might help to clarify the 
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physiological functions of m6A. In addition, because murine A3R is only moderately 

activated by m6A, evaluating the role of m6A in wild-type mice might underestimate its 

function in human. It will be necessary to generate a humanized A3R mouse model to 

understand fully the physiological role of m6A. In summary, our study presents 

biochemical and structural evidence that extracellular m6A is generated from RNA 

catabolism and is a potent and selective ligand of A3R. Our study provides a framework 

for understanding the roles played by the complex world of extracellular modified 

nucleosides. 
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FIGURES 

 

Figure 1. Activation of A3R by extracellular m6A.  
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(A) Substantial levels of modified nucleosides were detected in human extracellular fluids. 

n = 7 for plasma, n = 9 for aqueous humor, and n = 12 for urine. Total nucleoside 

concentration in each extracellular fluid is shown in the middle of each pie chart, and the 

concentration and amount of modified nucleosides as a percentage of total nucleosides is 

shown below each pie chart. Data are shown as means ± SD.  

(B) Comparisons of adenosine receptor activation by different nucleoside derivatives in 

human plasma, based on AP-TGFα release percentages. Values were obtained by TGFα-

shedding assay using test compounds at 100 nM for A1R and A3R, 1 µM for A2AR, and 

10 µM for A2BR. m6A had the most pronounced effect on A3R. Values are shown as an 

average of 3-10 independent experiments.  

(C) TGFα-shedding response curves of m6A and adenosine for each adenosine receptor 

subtype. m6A exhibited higher A3R activation capacity than adenosine. Symbols and 

error bars are means ± SEM of representative experiments with each performed in 

triplicate. Parameters (means ± SEM) obtained from three independent experiments are 

shown at the right panel. See also Figure S1.  
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Figure 2. Extracellular m6A is derived from multiple RNA species. 

(A) Schematic of the pulse-chase labeling of m6A with stable isotope labeled methionine.  

(B) Relative abundance of 13C-labeled m6A in total RNA and supernatant (sup) in cells 

treated with stable isotope (13C)-labeled methionine. 13C-m6A in total RNA exhibited 

one-phase decay, with a gradual increase in the extracellular 13C-m6A level. Symbols and 

error bars represent means and SEM, respectively, of two independent experiments with 

each performed in triplicate.  

(C) Relative abundance of labeled m6A in large RNA (> 200 nt) and small RNA (< 200 

nt), as determined by pulse-chase labeling. More than 90% of m6A was present in large 

RNA.  
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(D) Large RNA was further fractioned into mRNA, 28S, and 18S rRNA, and the decay 

of 13C-m6A in these RNA species was examined. At the beginning of the chase period, 

rRNA and mRNA contained 87% and 13% of labeled m6A, respectively. Half-lives were 

5.5 and 4.9 h for 18S and 28S rRNA, respectively, vs. 2.2 h for mRNA.  

(E) Extracellular m6A level at steady state decreased to 63% in cells lacking both 

ZCCHC4 and METTL5 (DKO), which are responsible for m6A modifications of 28S and 

18S rRNA, respectively. **P < 0.01 vs. control (unpaired two-tailed Student’s t-test). See 

also Figure S2.  
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Figure 3. m6A is dynamically released upon cytotoxic stimulation both in vitro and 

in vivo.  
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(A) Heatmap of the differentially released extracellular nucleoside derivatives in HEK 

293 supernatants following various cytotoxic treatments: mitomycin C (MMC, 0.001%), 

staurosporine (0.1 µM), and hydrogen peroxide (H2O2, 1 mM). Three (n = 3) independent 

experiments were performed. Representative results are shown.  

(B-D) m6A was released into supernatants of HEK 293 cells 24 h after cytotoxic 

stimulation with (B) MMC, (C) staurosporine, and (D) H2O2, in a dose-dependent manner. 

*P < 0.05, ***P < 0.001, and ****P < 0.0001 vs. non-treated group (one-way ANOVA 

followed by a Dunnett’s multiple comparison test). Bar graph representative of two 

independent experiments with each experiment containing three biological replicates. 

Data are means ± SEM.  

(E) Extracellular m6A surge after exposure to 1 mM H2O2 decreased to 63% in cells 

lacking both ZCCHC4 and METTL5 (DKO) cells. ****P < 0.0001 vs. 1 mM H2O2 (one-

way ANOVA followed by a Dunnett’s multiple comparison test). Bar graph 

representative of two (n = 3) independent experiments. Data are means ± SEM.  
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(F) Extracellular m6A and adenosine exhibited distinct release patterns upon H2O2 

treatment. Symbols and error bars represent means and SEM, respectively, of two 

independent experiments with each performed in triplicate.  

(G and H) Abundance of (G) m6A and (H) adenosine in serum and multiple tissue 

interstitial fluids in an LPS-induced shock mouse model. After LPS stimulation, the m6A 

level was increased in all extracellular fluids, whereas adenosine only exhibited a slight 

increase in liver interstitial fluids.  

(I) Cytotoxicity-induced release of m6A was dose-dependently inhibited by pretreatment 

with chloroquine (CLQ), a lysosome inhibitor. The indicated concentrations of CLQ were 

added 12 h before 24 h H2O2 treatment. ****P < 0.0001 vs. 1 mM H2O2 group (one-way 

ANOVA followed by a Dunnett’s multiple comparison test). Bar graph is representative 

of three (n = 3) independent experiments. Data are means ± SEM. See also Figure S3. 
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Figure 4. m6A facilitates a type I allergy response.  

(A) m6A increased antigen-mediated mast cell degranulation in a dose-dependent manner. 

**P < 0.01, ***P < 0.001 and ****P < 0.0001 vs. antigen without m6A (one-way 

ANOVA followed by a Dunnett’s multiple comparison test). Bar graph is representative 

of the results of three (n = 4) independent assays of the in vitro degranulation assay using 

RBL-2H3 cells. Data are means ± SEM.  

(B) m6A suppressed forskolin-mediated cAMP production in RBL-2H3 cells. *P < 0.05 

and **P < 0.01 vs. forskolin without m6A group (one-way ANOVA followed by a 
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Dunnett’s multiple comparison test). Bar graph is representative of two (n = 3) 

independent experiments. Data are means ± SEM.  

(C) Intracellular calcium transient in RBL-2H3 cells in response to 5 µM m6A. m6A-

induced calcium transients were effectively blocked by pretreatment with the A3R 

antagonist (1 μM MRE 3008F20; MRE). The transients of ten representative cells are 

shown.  

(D) m6A promotes an antigen-induced type I allergy response in a murine PCA model in 

vivo. The effect is dose-dependent. Absorbance of extravasated dye is shown. ****P < 

0.0001 vs. antigen without m6A group (one-way ANOVA followed by a Dunnett’s 

multiple comparison test; n = 10). Data are means ± SEM.  

(E) Representative photos of ears showing dye extravasation.  

(F) m6A-mediated facilitation of the allergic response was blocked by A3R antagonist 

MRS 1191 (MRS). **P < 0.01 (one-way ANOVA followed by a Tukey’s multiple 

comparisons test; n = 4-10). Data are means ± SEM. See also Figure S4. 
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Figure 5. Molecular basis of selective A3R activation by m6A.  

(A) Homology-modeled structure of the m6A binding site in the human adenosine A3 

receptor (PDB code: 6D9H, upper panel), and estimated distances of m6A and adenosine 

from V1695.30, I2536.58 and L2647.35 in A3R (lower panel).  

(B) Amino acid alignment of the orthosteric binding pocket for m6A in A1R, A2AR, and 

A3R,showing high conservation except for the regions in between extracellular loop 2 

(ECL2), transmembrane (TM) domains 6 and 7.  
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IAMCLGILLSHANSMMNPIVYAC

DVAMCLGILLSHANSMMNPIVYAC

266

265

TM7TM6ECL2

WNMKLTSEYHRNVTFLSCQFVSVMRMDYM

WNRKATLASSQNSSTLLCHFRSVVSLDYM

WNMKLSSA-DKNLTFLPCQFRSVMRMDYM

WNRKVTLELSQNSSTLSCHFRSVVGLDYM

WNVKLTSEYHRNLTFLSCQFRSVMRMDYM

169

168

169

171

171

*. .             * *  *:  :*:

WNKQRSAPY------HTCGFTSVIRMDYM
179

LALVLFLFAVSWLPLCIMNCVLYF
264

PWIFLGILLSHANSAMNPVVYACGg-A3R (Chicken: G. gallus)
Xt-A3R (Frog: X. tropicalis) WNNRFSLNE-EHQHYLDCTFENVMSKEYI

167
LALVLLLFALSWLPLAILNCVQFYN

251
PTIFLFILLSHANSAMNPIIYAF

276

267

Ac-A3R (Lizard: A. carolinensis) WGKEIP----RNTSNVQCLFTNVMKMEYL
157

LSLVLFFFAICWLPMCILNCFTLFC
241

YVVYCAIVLSHSNSVMNPIIYAF
254

Tr-A3R (Fugu: T. rubripes) WNNHESQKNLSISSEIICQFTVVMRMDYM
168

LALVVFLFALCWLPIHIMNCINFFC
252

YVMYVGIFMSHVNSALNPMVYAF
265

Hs-A3R Bt-A3R Ss-A3R Rn-A3R Mm-A3R

RAi (m6A / A) 10 ± 1.7 7.1 ± 0.44 5.8 ± 0.36 0.26 
± 0.030

0.23 
± 0.012
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(C) Relative RAi values of m6A and adenosine for A3R, A1R, and A2AR mutants, as 

determined by the TGF-α shedding assay. RAi values are expressed as fold change of the 

values for WT. I2536.58T and L2647.35M mutations selectively reduced A3R activation by 

m6A, and the corresponding A1R T2576.58I, A2AR T2566.58I, and A2AR M2707.35L 

mutants showed an increase in the receptor sensitivity for m6A. Data are expressed as 

means ± SEM of three independent experiments with each performed in triplicate. Values 

used for calculating RAi are shown in Figure S5B.  

(D) Alignment of the ECL2, TM6, and TM7 of human (Hs), cow (Bt), pig (Ss), rat (Rn), 

mouse (Mm), chicken (Gg), frog (Xt), lizard (Ac), and Fugu (Tr), highlighting 

evolutionary variability of the three residues.  

(E) Phylogenetic tree of A3R across vertebrates obtained by amino acid sequence 

alignment using UniProt.  

(F) Concentration-response curves of m6A for mammalian A3R, as determined by the 

TGF-α shedding assay. The original values were fitted to an operational model to obtain 

EC50 values. Symbols and error bars are means ± SEM of representative experiments with 

each performed in triplicate. Parameters of the EC50 values (means ± SEM) obtained from 
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three independent experiment are shown to the right. The %AP-TGFα release of each 

A3R at 10-5 M was defined as 100%. EC50 values differed largely between large mammals 

(human, cow, and pig) and small mammals (rat and mouse).  

(G) Relative RAi values of m6A vs. adenosine for A3R in the indicated mammals. A3R 

activation capacity of m6A was higher than that of adenosine in large mammals but lower 

than that of adenosine in small mammals. Data are expressed as mean ± SEM of three 

independent experiments with each performed in triplicate. See also Figure S5. 
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METHODS 

KEY RESOURCES TABLE 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 

Rabbit monoclonal anti-Phospho-p44/42 MAPK (Erk1/2) 

(Thr202/Tyr204)  

Cell Signaling Technology Cat#9101S 

Rabbit monoclonal anti-p44/42 MAPK (Erk1/2) Cell Signaling Technology Cat#9102S 

Bacterial and Virus Strains  

One Shot™ TOP10 Chemically Competent E. coli Thermo Fisher Scientific Cat#C404003 

NEB 10-beta Competent E. coli New England BioLabs Cat#C3019 

Biological Samples   

Peripheral Blood Leukapheresis-derived Plasma HemaCare Cat#PB006C-1 

Peripheral Blood Serum HemaCare Cat#PB007C-1 

Chemicals, Peptides, and Recombinant Proteins 

Pseudouridine Tokyo Chemical Industry Cat#P2396; 

CAS:1445-07-4 

5-Methylcytidine Tokyo Chemical Industry Cat#M1931; 

CAS:2140-61-6 

2'-O-Methylcytidine Tokyo Chemical Industry Cat#M2317; 

CAS:2140-72-9 

2'-O-Methyluridine Tokyo Chemical Industry Cat#M2290; 

CAS:2140-76-3 

2'-O-Methylguanosine Tokyo Chemical Industry Cat#M2318; 

CAS:2140-71-8 

2'-O-Methyladenosine Tokyo Chemical Industry Cat#M2291; 

CAS:2140-79-6 

5,6-Dihydrouridine Toronto Research 

Chemicals 

Cat#D449668; 

CAS:5627-05-4 

5-Formylcytidine Toronto Research 

Chemicals 

Cat#F698965; 

CAS:148608-53-1 
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N6, 2'-O-Dimethyladenosine Toronto Research 

Chemicals 

Cat#D447415; 

CAS:57817-83-1 

Uridine Sigma-Aldrich Cat#U3750; CAS:58-

96-8 

Cytidine Sigma-Aldrich Cat#C122106; 

CAS:65-46-3 

Guanosine Sigma-Aldrich Cat#G6752; CAS: 

118-00-3 

Adenosine Sigma-Aldrich Cat#A9251; CAS:58-

61-7 

Inosine Sigma-Aldrich Cat#I4125; CAS:58-

63-9 

3-Methyluridine Sigma-Aldrich Cat#M4129; 

CAS:2140-69-4 

7-Methylguanosine Sigma-Aldrich Cat#M0627; 

CAS:20244-86-4 

1-Methylguanosine Santa Cruz Biotechnology Cat#sc-500889; 

CAS:2140-65-0 

1-Methylinosine Santa Cruz Biotechnology Cat#sc-483758; 

CAS:2140-73-0 

2’-O-Methylinosine Santa Cruz Biotechnology Cat#sc-283498; 

CAS:3881-21-8 

N2-Methylguanosine Biosynth Carbosynth Cat#NM35522; 

CAS:2140-77-4 

1-Methyladenosine Cayman Chemical Cat#16937; 

CAS:15763-06-1 

N6-Methyladenosine Abcam Cat#ab145715; 

CAS:1867-73-8 

N4-Acetylcytidine Combi-Blocks Cat#QB-9019; 

CAS:3768-18-1 
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N2,N2-Dimethylguanosine MedChem Express Cat#HY-113137; 

CAS:2140-67-2 

N6,N6-dimethyladenosine MedChem Express Cat#HY-101984; 

CAS:2620-62-4 

L-Methionine Sulfone Alfa Aesar Cat#A17027; 

CAS:7314-32-1 

N6-Threonylcarbamoyladenosine Medicilon custom-synthesized 

2-Methylthio-N6-threonylcarbamoyladenosine Medicilon custom-synthesized 

N6-Isopentenyladenosine Medicilon custom-synthesized 

2-Methylthio-N6-isopentenyladenosine Medicilon custom-synthesized 

3-(3-Amino-3-carboxypropyl) uridine Alsachim custom-synthesized 

L-Methionine  Cambridge Isotope 

Laboratories 

CDLM-760-PK 

Polyethylenimine (PEI) Max, (Mw 40,000) Polysciences Cat#24765-1 

Lipofectamine RNAiMAX Transfection Reagent  Thermo Fisher Scientific Cat#13778075 

Opti-MEM  Thermo Fisher Scientific Cat#31985-070  

p-nitrophenylphosphate, disodium salt  

 

FUJIFILM Wako Pure 

Chemical 

Cat#145-02344 

Fluo-4 AM Molecular Probes Cat#F14201 

Hanks' Balanced Salt Solution (HBSS)  Thermo Fisher Scientific Cat#14025-076 

Coelenterazine  Carbosynth Cat#EC14031 

Hydrogen Peroxide FUJIFILM Wako Pure 

Chemical 

Cat#081-04215 

Staurosporine FUJIFILM Wako Pure 

Chemical 

Cat#197-10251 

Mitomycin C nacalai tesque Cat#20898-21 

Chloroquine FUJIFILM Wako Pure 

Chemical 

Cat#038-17971 

Concanamycin A Adipogen Life Sciences Cat#BVT-0237-C025 

E-64d Tokyo Chemical Industry Cat#E1337 

Lipopolysaccharides from Escherichia coli O55:B5 Sigma-Aldrich Cat#L2880 
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MRE 3008F20 R&D Systems Cat#4041 

Pertussis toxin R&D Systems Cat#3097 

Monoclonal Anti-Dinitrophenyl antibody produced in 

mouse 

Sigma-Aldrich Cat#D8406 

Albumin, dinitrophenyl lyophilized powder Sigma-Aldrich Cat#A6661 

4-Nitrophenyl N-acetyl-β-D-glucosaminide Sigma-Aldrich Cat#N9376 

Evans Blue FUJIFILM Wako Pure 

Chemical 

Cat#056-04061 

MRS1191 Sigma-Aldrich Cat#M227 

Critical Commercial Assays 

Pierce BCA Protein Assay Kit  Thermo Fisher Scientific Cat#23225 

PrimeScript RT-PCR kit TAKARA Cat#RR014A 

SYBR Premix EX Taq II TAKARA Cat#RR820A 

KOD-Plus-Mutagenesis kit TOYOBO Cat#SMK-101 

cAMP complete ELISA kit Enzo Life Sciences Cat#ADI-900-163 

Deposited Data 

N/A N/A N/A 

Experimental Models: Cell Lines 

HEK293A Inoue et al., 2012 N/A 

HEK293T ATCC N/A 

HEK293FT ATCC N/A 

RBL-2H3 JCRB Cell Bank JCRB0023 

THP-1 JCRB Cell Bank JCRB0112 

Experimental Models: Organisms/Strains 

C57BL/6J male mice Charles River Japan N/A 

Japanese white rabbits KBT Oriental N/A 

ICR male mice Japan Clea N/A 

Oligonucleotides 

siRNA targeting: human 5'-3' exoribonuclease 1 (XRN1) Thermo Fisher Scientific siRNA ID: s29015 

siRNA targeting: human 5'-3' exoribonuclease 2 (XRN2) Thermo Fisher Scientific siRNA ID: s22412 
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siRNA targeting: human DIS3 homolog, exosome 

endoribonuclease and 3'-5' exoribonuclease (DIS3)  

Thermo Fisher Scientific siRNA ID: s229659 

siRNA targeting: human DIS3 like exosome 3'-5' 

exoribonuclease (DIS3L) 

Thermo Fisher Scientific siRNA ID: s41866 

siRNA targeting: human Suv3 like RNA helicase 

(SUPV3L1) 

Thermo Fisher Scientific siRNA ID: s13637 

siRNA targeting: human exosome component 10 

(EXOSC10) 

Thermo Fisher Scientific siRNA ID: s10739 

Recombinant DNA 

Human GPCR-encoding plasmids library  Inoue et al., 2012 N/A 

AP-TGF-α (codon-optimized)  Inoue et al., 2012 N/A 

Chimeric Gα subunits  Inoue et al., 2019 N/A 

NanoBiT-G-proteins  Inoue et al., 2019 N/A 

Software and Algorithms 

Prism 8.0  GraphPad software https://www.graphpad.

com/ 

RRID:SCR_002798  

Microsoft Excel  

 

Microsoft https://www.microsoft.

com/en-gb/ 

RRID:SCR_016137  

Adobe Illustrator CC 2019 (23.0.3)  Adobe Inc. https://www.adobe.co

m/products/ 

illustrator.html 

RRID:SCR_010279  

Other 

Amicon Ultra-0.5 Centrifugal Filter Unit Merck Cat#UFC500396 

SpeedVac Vacuum Concentrators Thermo Fisher Scientific Cat#SPD1010 

Inertsil ODS-3 Column GL Science Cat#5020-84655 

Real Time PCR System Thermo Fisher Scientific LCMS-8050 

Luminescence microplate reader  Molecular Devices  SpectraMax L  
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METHODS DETAILS 

Biological sample collection and preparation for mass spectrometry analysis 

Human plasma and serum samples (seven and six, respectively) collected from healthy 

donors older than 18 years of age were purchased from HemaCare Corporation. Human 

aqueous and vitreous humor samples (nine and two, respectively) were obtained from 

patients undergoing intraocular surgery for a macular hole at Kumamoto University 

Hospital. Twelve human urine samples were collected from healthy volunteers at 

Kumamoto University. These studies were approved by the Kumamoto University Ethics 

Committee (authorization no. ethics 1622 and ethics 1518), and written forms of informed 

consent were obtained from all subjects.  

Experiments using animals were performed in accordance with the Declaration of 

Helsinki and the guidelines of the ARVO Statement for the Use of Animals in Ophthalmic 

and Vision Research, and were approved by the Kumamoto University Ethics Committee 

for Animal Experiments (authorization nos. A27-037 and D27-210). C57BL/6J male 

mice (6-8 weeks old) were purchased from Charles River Japan, and Japanese white 

rabbits (3 months old) were purchased from KBT Oriental. Mouse blood and urine, and 
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rabbit aqueous humor, vitreous humor, and blood, were collected for the mass 

spectrometry analysis. Blood samples were allowed to clot at 4°C for 1 h and then 

centrifuged to obtain serum that were stored in aliquots at -80°C until analysis. Other 

biological samples were immediately frozen at -80°C until further analysis. 

Metabolites in extracellular fluids of biological samples were extracted with ice-cold 

methanol/chloroform/ultrapure water containing 1 µM LMS as internal control. The 

suspension was then centrifuged at 16,000 g for 3 min at 4°C. Ultrapure water was added 

to the aqueous phase, and the suspension was centrifuged at 16,000 g for 3 min at 4°C. 

After centrifugation, the aqueous phase was ultrafiltered using an ultrafiltration tube 

(Amicon Ultra-0.5, 3 kDa; Merck Millipore). The filtrate was concentrated with a vacuum 

concentrator (SpeedVac; Thermo Fisher Scientific), and the concentrated filtrate was 

dissolved in 25 µl ultrapure water and subjected to LCMS analysis.  

Quantitative modified nucleoside analysis 

Quantitative modified nucleoside analysis was performed using a triple quadrupole mass 

spectrometry system (LCMS-8050, Shimadzu) equipped with an electrospray ionization 

(ESI) source and an ultra-high performance liquid chromatography system6. Samples 
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were injected into an Inertsil ODS-3 column (GL Science). The mobile phase consisted 

of 5 mM ammonium acetate (A), pH 5.3 in water and 60% acetonitrile in water (B). The 

LC gradient was set as follows: 1-10 min: 1-22.1% B, 10-15 min: 22.1-63.1% B, 15-17 

min: 63.1-100% B, 17-22 min: 100% B, and 22-23 min, 100-0.6% B. The flow rate and 

injection volume were set at 0.4 ml/min and 2 μl, respectively. Detection was performed 

in multiple reaction monitoring (MRM) mode in LabSolutions System (Shimadzu). The 

MRM transitions for all nucleoside derivatives analyzed in this method are described in 

Supplementary Table 1. Interface temperature was 300°C, desolvation line temperature 

was 250°C, and heat block temperature was 400°C. Nitrogen gas was supplied by an N2 

supplier Model T24FD (System Instruments) for nebulization and drying, and argon gas 

was used for collision-induced dissociation. Calibration curves using various 

concentrations of the nucleosides to be measured were obtained in every analytical run 

and then used to calculate the nucleoside concentrations of the samples. 

Cell culture and treatments 

All cells were cultured at 37°C in an atmosphere of 5% CO2 unless stated otherwise. 

HEK293A, HEK293T, and HEK293FT cells were cultured in Dulbecco’s modified 
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Eagle’s medium (DMEM, Gibco) supplemented with 10% heat-inactivated fetal bovine 

serum (FBS, Gibco). RBL-2H3 cells and THP-1 cells were cultured in Eagle’s minimal 

essential medium (EMEM, Wako) and Roswell Park Memorial Institute (RPMI) 1640 

medium (Gibco), respectively, supplemented with heat-inactivated 10% FBS. Transient 

transfections were performed using either Lipofectamine RNAiMAX (Thermo Fisher) or 

polyethylenimine (PEI) transfection reagent (Polysciences). Transfection efficiency was 

analyzed by qPCR.  

TGF-α shedding assay 

The transforming growth factor-α (TGFα) shedding assay, which measures the activation 

of GPCR receptor, was performed as described previously20. Briefly, pCAG plasmids 

encoding human A1R, A2AR, A2BR, or A3R construct were prepared. The A3R mutants 

I253T, V169E, L264T, and L264M; the A1R mutants T257I, E172V, and T270L; and the 

A2AR mutants T256I, E169V, and A2AR M270L were generated by introducing single-

point mutations using the KOD-Plus-Mutagenesis kit. cDNAs for A3R of cow, pig, rat, 

mouse, chicken, frog, lizard, and fugu were synthesized and cloned into pCAG vector. 

HEK293A cells were seeded in a 6-well culture plates and then transfected with these 
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plasmids, together with the plasmids encoding alkaline phosphatase (AP)-tagged TGFα 

(AP-TGFα) and chimeric Gα subunit proteins (Gαq/o for A1R, Gαq/s for A2AR and A2BR, 

and Gαq/i3 for A3R). After a 24 h culture, the transfected cells were harvested by 

trypsinization, neutralized with DMEM/FBS, and collected by centrifugation. Cells were 

suspended in Hank’s Balanced Salt Solution (HBSS, Gibco) containing 5 mM HEPES 

(pH 7.4) and were left for 10 min to remove extra AP-TGFα released during trypsinization. 

After centrifugation, cells were resuspended in HEPES-HBSS, and seeded in 96-well 

plates. The plates were incubated for 30 min to allow the cells to attach. Test compounds 

were diluted in 0.01% bovine serum albumin (BSA)-containing HEPES-HBSS and added 

to the cells. After a 1 h incubation, the 96-well plates were centrifuged, and the 

conditioned media was transferred to empty 96-well plates. AP reaction solution (a 

mixture of 10 mM p-nitrophenylphosphate (p-NPP), 120 mM Tris-HCl (pH 9.5), 40 mM 

NaCl, and 10 mM MgCl2) was added to plates containing cells and conditioned media. 

Absorbance at 405 nm was measured on a microplate reader (TECAN) before and after a 

1 h incubation of the plates at room temperature. AP-TGFα release was calculated as 

described previously20. The AP-TGFα release percentages were fitted to a four-parameter 
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sigmoidal concentration-response curve using the Prism 8 software (GraphPad), and the 

EC50 and Emax values were obtained. Receptor activation was scored using relative 

intrinsic activity (RAi)21, 22, which was defined as a relative Emax/EC50 value. 

NanoBiT assay  

The NanoBiT assays, which detects β-arrestin recruitment and G-protein dissociation, 

was performed as described previously21, 54. Briefly, HEK293A cells were seeded in 6-

well plates and transfected with the indicated plasmids using the PEI transfection reagent. 

LgBiT-β-arrestin 2 (EE) and A3R-SmBiT expression vectors were used for β-arrestin 

recruitment assay, and GNAI1-LgBiT, GNB1, SmBiT-GNG2 (CS), and A3R expression 

vectors were used for G-protein dissociation assay. After a 24 h culture, the transfected 

cells were harvested and collected by 0.53 mM EDTA-containing D-PBS. After 

centrifugation, cells were resuspended in HEPES-HBSS containing 0.01% BSA and were 

seeded in 96-well plates. Coelenterazine was added to the plates at a final concentration 

of 10 µM, followed by incubation at room temperature for 2 h in the dark. After 

measurement of baseline luminescence using the Spectra Max L Microplate Reader 

(Molecular Devices), m6A or adenosine diluted in 0.01% BSA-HBSS was added. Kinetic 
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luminescence was measured every 20 sec after compound addition. The average 

luminescence signal over 5-10 min was normalized against the initial value and was fitted 

to a four-parameter sigmoidal concentration-response curve. EC50 values were calculated 

using the Prism 8 software. 

Cytotoxic assays 

To induce cytotoxicity, HEK293A cells were treated for 24 h with 100 μM, 500 μM, or 

1 mM H2O2; 1 nM, 10 nM, or 100 nM staurosporine (Wako); or 0.0001%, 0.0005%, or 

0.001% mitomycin C (MMC). For the hypoxia assay, THP-1 cells were maintained at 

either 21% O2 or 1% O2 for 48 h. Supernatants were collected, centrifuged, filtered (0.22 

μm, Merck), and frozen at -80°C for subsequent analysis. For lysosomal inhibition, 

chloroquine (CLQ; Wako), concanamycin A (concA; Adipogen Life Sciences), and E-

64d (Tokyo Chemical Industry) was applied to HEK 293A cells 12 h before the addition 

of 1 mM H2O2. Culture media was desalted with a C18 desalting column (GL science) 

and concentrated with a vacuum concentrator. The concentrated filtrate was dissolved in 

25 μl ultrapure water and used for LCMS analysis. 
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Generation of knockout cells by CRISPR-Cas9 

Single-guide RNAs (sgRNA) were designed to target the human ZCCHC4 or METTL5 

genomic locus. The sgRNA sequence driven by the U6 promoter was cloned into a 

lentiCRISPRv2 vector that also expresses Cas9 as previously described55. Lentiviral 

particles were produced in HEK293FT cells by co-transfection of the targeting vector 

with vectors expressing Gag, Pol, Rev, Tat, and VSV-G genes. The lentiviral plasmid 

DNA was then packed into lentivirus for infection in HEK293T cells. Infected cells were 

selected in puromycin for 2 weeks before single colonies were chosen and tested by DNA 

sequencing. For METTL5/ZCCHC4 double-knockout HEK cells, the METTL5-targeted 

sgRNA was cloned into a lentiGuide-Hygro-dTomato vector. The targeting vector or 

lentiCas9-Blast harboring Cas9 was transfected with the lentiviral expression system in 

HEK293FT cells for virus packaging. Supernatants were collected and used to infect 

ZCCHC4-knockout HEK293T cells. Infected cells were selected in hygromycin and 

blasticidin for 2 weeks before single colonies were chosen and tested by DNA sequencing.  

LPS-induced shock model of murine 
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C57BL/6J male mice were randomly divided into two groups of 12 mice each. Two 

groups were intraperitoneally injected with 20 mg/kg LPS (Escherichia coli 055: B5; 

Sigma-Aldrich) or vehicle (pyrogen-free saline). Blood and organ samples including liver, 

spleen and lung were collected 0, 6, and 12 h after LPS challenge. Serum was prepared 

from blood samples, and organ samples were immediately frozen in liquid nitrogen and 

stored at -80°C until lysate preparation. Lysates for quantification by LCMS were 

prepared as described above. 

Western blot analysis 

For blots of pERK and ERK, A3R-transfected HEK293A cells were stimulated with 100 

nM m6A for 5 min. Before stimulation with m6A, cells were pretreated with 1 μM MRE 

3008F20 (R&D Systems) for 10 min or 150 ng/mL pertussis toxin (PTX; R&D Systems) 

overnight. Whole-cell lysates were prepared in RIPA Lysis Buffer (Thermo Fischer 

Scientific) containing a protease inhibitors (Thermo Fischer Scientific) and a phosphatase 

inhibitors (Nacalai Tesque). Cell lysates were sonicated and clarified by centrifugation. 

Protein concentrations were measured using the BCA Protein Assay kit (Pierce). Total 

protein was resuspended in NuPAGE LDS sample buffer. The same amount of protein 
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was separated by SDS-PAGE (4-12% NuPAGE Bis-Tris gels; Invitrogen) in MOPS 

buffer (Life Technologies). Protein was transferred to 0.45 μm polyvinylidene difluoride 

(PVDF) membranes (Amersham). Membranes were blocked in 2% Block Ace (KAC), 

washed with Tris-buffered saline containing 0.1% Tween-20 (TBS-T), and incubated 

with the primary and corresponding secondary antibodies. Chemiluminescence signals 

were recorded with a luminescence image analyzer (ImageQuant LAS-4000, Fujifilm). 

Rabbit antibodies against human p-ERK1/2 and ERK were purchased from Cell Signaling.  

Intracellular calcium imaging 

HEK293 cells or RBL-2H3 cells were loaded with 2.5 μM Fluo-4 AM (Molecular Probes) 

for 30 min, and intracellular calcium transients were recorded every 5 sec using a confocal 

microscope (Olympus FV 3000). After the basal calcium level was monitored for 2 min, 

m6A was applied to monitor calcium dynamics. MRE 3008F20 (10 µM for HEK293 cells 

and 1 µM for RBL-2H3 cells) was applied 10 min before the addition of m6A (10 µM for 

HEK 293 cells and 5 µM for RBL-2H3 cells). Signals from ten representative cells were 

digitized using the Fluoview software (Olympus), and the data were summarized in a 

graph using the Prism 8 software. 
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Degranulation assay 

The degranulation response of the RBL-2H3 basophils was quantified by measuring the 

levels of β-hexosaminidase released into the supernatants as previously described with 

slight modification56. Briefly, RBL-2H3 cells were seeded in 96-well plates, incubated 

for 24 h, and then sensitized for 12 h with 1 μg/ml anti-DNP-IgE (Sigma-Aldrich). After 

washing four times with HBSS, the cells were exposed to different concentrations of m6A 

(0–5000 nM) for 1 h, and then stimulated with 100 ng/mL DNP-BSA for 1 h. The 

supernatant was transferred to an empty 96-well plate, and the cells were lysed with 1% 

Triton X-100/PBS. Supernatants and cell lysates were incubated with 1 mM p-

nitrophenyl-N-acetyl-β-D-glucosaminide in 0.05 M citrate buffer (pH 4.5) at 37°C for 1 

h. The reaction was terminated by addition of 0.05 M sodium carbonate buffer (pH 10.0). 

p-nitrophenol, the product of the reaction, was detected by measuring optical absorbance 

at 405 nm. 

cAMP quantification 
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RBL-2H3 cells seeded in 12-well plates were stimulated with forskolin (0.5 μM) and the 

indicated concentrations of m6A (0–1000 nM). Intracellular cAMP level was quantified 

using an ELISA kit (Enzo Life Sciences).  

Passive cutaneous anaphylaxis (PCA) mouse model 

PCA reactions in mice, used as an animal model for type 1 allergy, were performed as 

previously described with slight modifications36. In brief, ICR male mice (Japan Clea) 

were administrated intradermally with 100 ng anti-DNP IgE into the ear. After 24 h, the 

IgE-sensitized ears were injected intradermally with different concentrations of m6A (0-

1.0 mg/mL), and 5 min later the mice were challenged with an intravenous injection of 

50 μg DNP-BSA containing 0.5 % Evans Blue dye (Wako). The mice were euthanized 5 

min after the challenge, and the treated ear was excised to measure the amount of dye 

extravasated. Dye was extracted from the ear in 700 μl formamide at 56 °C overnight, 

and absorbance was measured at 620 nm. In experiments using A3R antagonist, 0.01 

mg/mL MRS 1191 (Sigma-Aldrich) and 0.1 mg/mL m6A were administrated 

simultaneously. 

Modeling of the m6A bound A3 receptor 
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The structure of the human adenosine A3 receptor was prepared by the web-server 

SWISS-MODEL57, 58, using the Gi-complexed human adenosine A1 receptor as a 

template. m6A was modeled manually, based on the coordination of adenosine in the A1 

receptor (PDB code: 6D9H) 

Statistics and reproducibility 

Representative results from at least two independent experiments are shown for every 

figure, unless stated otherwise in the figure legends. 
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