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CELL BIOLOGY

Decoding the interplay between m°A modification and
stress granule stability by live-cell imaging

Qiangian Li", Jian Liu', Liping Guo'?,Yi Zhang’,Yanwei Chen'?3, Huijuan Liu'*, Hongyu Chengs,
Lin Deng‘, Juhui Qiu®, Ke Zhang’, Wee Siong Sho Goh’, Yingxiao Wangs, Qin Peng‘*

N®-methyladenosine (m®A)-modified mRNAs and their cytoplasmic reader YTHDFs are colocalized with stress
granules (SGs) under stress conditions, but the interplay between m®A modification and SG stability remains
unclear. Here, we presented a spatiotemporal m®A imaging system (SMIS) that can monitor the m®A modification
and the translation of mRNAs with high specificity and sensitivity in a single live cell. SMIS showed that méA-
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modified reporter mRNAs dynamically enriched into SGs under arsenite stress and gradually partitioned into the
cytosol as SG disassembled. SMIS revealed that knockdown of YTHDF2 contributed to SG disassembly, resulting in
the fast redistribution of mMRNAs from SGs and rapid recovery of stalled translation. The mechanism is that YTHDF2
can regulate SG stability through the interaction with G3BP1 in m®A-modified RNA-dependent manner. Our
results suggest a mechanism for the interplay between m®A modification and SG through YTHDF2 regulation.

INTRODUCTION

N°-methyladenosine (m®A) is the most abundant internal modifica-
tion of various types of RNAs and regulates RNA transcription
(1, 2), splicing (3), transport (4), decay (5), and translation (6, 7).
The maladjustment of disease-related transcripts by m°A modifica-
tion has been identified as a potential target for clinical therapy
(8-10). Now, there is a consensus that distinct m®A reader pro-
teins mediate their respective signaling pathways in development-
dependent and tissue-specific manners (11, 12). Through newly
established RNA sequencing methods, studies on m°®A function can
focus on holistic analysis of the whole transcriptome (13-18). How-
ever, the conclusions of studies have been divergent due to distinct
sequencing strategies and data processing logics. It is still debatable
whether the YT521-B homology (YTH) domain-containing family
proteins (YTHDFs) perform unique or redundant roles in mRNA
translation and stability (19, 20).

Stress granules (SGs) are microscopic droplets that can result
from stressors, such as heat shock, osmotic pressure, and NaAsO,
treatment (21, 22). SG formation is accompanied by a global in-
hibition of translation and enrichment of mRNAs and RNA
binding proteins in SGs (23-25). Recently, researchers reported
that m”A-modified mRNAs and YTHDFs are located in SGs (26-28).
The interaction of YTHDFs with multivalent m®A-modified RNAs
promotes the liquid-liquid phase separation (LLPS) (27, 29, 30).
Knockdown of YTHDF1/3 impairs the formation of SG (28). How-
ever, the function of m®A modification in promoting the enrich-
ment of mRNAs in SGs remains debatable, and the role of m°A
readers in SG disassembly has not been explored (3I). Therefore,
spatiotemporally monitoring the dynamics of m°A-modified RNA
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during SG formation and disassembly is important for clarifying
how m°®A RNA and its readers contribute to SG stability.

Several imaging methods have been developed to detect m®A-
modified RNA in mammalian cells. For m®A-specific in situ hybrid-
ization mediated proximity ligation assay (m®AISH-PLA) (32) and
deamination adjacent to RNA modification targets-fluorescent in
situ hybridization (DART-FISH) (33), rolling cycle amplification
was used to quantify m®A modification events in situ in fixed cells.
The YTH-APOBECI editable green fluorescent protein (GFP) re-
porter was used in the genetically encoded m°A sensor (GEMS)
system to transform the m°A modification level to a fluorescent in-
tensity and determine the global activity of m°A methyltransferases
(34). Although the GEMS system provides a real-time readout of
mPA levels in living cells, spatial and temporal imaging cannot be
achieved because the system uses a one-shot technique for measure-
ments. Thus, new imaging methods with high spatiotemporal reso-
lution are urgently needed to precisely study the function and
dynamics of m®A-modified RNA in living cells.

In this study, we developed a spatiotemporal m°A imaging sys-
tem (SMIS) that contained a m®A-modified reporter mRNA and
fluorescence resonance energy transfer (FRET) biosensors. Using
the SMIS, we demonstrated that after transcription, the reporter
mRNA could recruit methyltransferase like 3 (METTL3) to methyl-
ate N site of adenosine; then, the mRNA was transported out of the
nucleus for translation into mMaroonl as a fluorescent readout.
Moreover, a FRET biosensor with a YTH domain and MS2 coat pro-
tein (MCP) recognizes m°A modifications and adjacent MS2 loops,
resulting in high FRET, which can indicate high m°®A levels in real
time. With that system, we can dynamically monitor transcription,
m®A modification, and translation of reporter mRNAs in a single
live cell. We showed that our reporter mRNAs in SMIS were dy-
namically enriched in SGs under arsenite stress, and a higher FRET
signal was attained in SGs than the cytosol. In addition, we investi-
gated the function of m°A cytoplasmic readers in SG disassembly.
YTHDE2 knockdown accelerated the disassembly of SGs, the redis-
tribution of mRNAs from SGs, and the recovery of stalled transla-
tion. We elucidated the mechanism by which YTHDF2 regulated SG
stability through interaction with G3BP1 in m®A-modified RNA-
dependent manner.
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RESULTS
In vitro FRET system monitors m°A
modifications dynamically
Genetically encoded FRET biosensors can transform compound
levels (35, 36), kinase activity (37, 38), and posttranslational
modifications (39) into images with spatiotemporal resolution. To
conceptually test the feasibility of the FRET system for dynamically
monitoring m°A modifications in vitro, we first designed a m®A-
modified artificial RNA (m®A aRNA) that contained the m°A
consensus motif GGACU and an MS2 aptamer (Fig. 1A). The fusion
of MCP to enhanced cyan fluorescent protein (ECFP) formed
the FRET donor protein MCP-ECFP, which bound to MS2 ap-
tamers on m®A-modified and unmodified aRNAs (fig. S1A). The
fusion of the YTH domain from YTHDEF2 to YPet (a variant of
yellow fluorescent protein) resulted in the FRET acceptor protein
YTH-YPet, which specifically recognized m°A aRNA but not the
unmodified version (fig. S1B).

After YTH-YPet was incubated with MCP-ECFP and m°A aRNA,
a marked reduction in donor emission at approximately 478 nm
and an increase in acceptor emission at approximately 528 nm were

observed compared to those of the control groups with the mu-
tant YTH-YPet (YTH-YPet 3A) or unmodified aRNA (Fig. 1B).
Moreover, associations among MCP-ECFP, YTH-YPet, and m°A
aRNAs were revealed by an electrophoretic mobility shift assay.
In the control groups, only the association of MCP-ECFP with
RNA was detected (Fig. 1C). These results indicated that YTH-
YPet can specifically associate with m®A-modified aRNAs in
combination with MCP-ECFP to detect m®A modifications
through FRET. After m°A aRNA was added to the mixture of
MCP-ECFP and YTH-YPet, a rapid increase in the FRET ratio
(528/478 nm) was observed. The FRET ratio gradually decreased
after treatment with ribonuclease (RNase) in different concentra-
tions, indicating that FRET signal was RNA dependent (fig. S1C).
The METTL3/14 complex is the major methyltransferase in-
volved in m°®A modifications of mRNAs (40). In the system that
contained YTH-YPet, MCP-ECFP, and aRNA, the FRET ratio
slowly increased upon the addition of the METTL3/14 complex
and S-adenosylmethionine (SAM), the methyl donor for m°A
modification; this result revealed the kinetics of METTL3/14
complex activity (Fig. 1D). Consistent results were also found in
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Fig. 1. In vitro FRET system for detecting m®A modifications on aRNAs. (A) Schematic diagram of the FRET system based on m°A aRNAs. (B) Fluorescence spectrum
after MCP-ECFP, YTH-YPet, or YTH-YPet-3A was mixed with aRNA or m®A aRNA. (C) Gel red staining of native polyacrylamide gel electrophoresis (PAGE) after MCP-ECFP,
YTH-YPet, or YTH-YPet-3A was mixed with aRNA or m°A aRNA; (i) m®A aRNA, (ii) aRNA (iii) MCP-ECFP + YTH-YPet + m®A aRNA; (iv) MCP-ECFP + YTH-YPet-3A + m®A aRNA,
and (v) MCP-ECFP + YTH-YPet + aRNA; blue arrow: the complex of YTH, MCP, and m®A aRNA; red arrow: the complex of MCP and RNA. (D) Ratio of 528/478-nm emission
after MCP-ECFP and YTH-YPet were mixed; the red arrow indicates the addition of aRNA or m®A aRNA, and the blue arrow indicates the addition of METTL3/14 at different
concentrations; n = 3. (E) Gel red staining of native PAGE for (D) (i) m°A aRNA + YTH-YPet + MCP-ECFP, (ii) aRNA + YTH-YPet + MCP-ECFP + METTL3 (2 uM), (iii) aRNA +
YTH-YPet + MCP-ECFP + METTL3 (1 pM), (iv) aRNA + YTH-YPet + MCP-ECFP + METTL3 (0.5 pM), (v) aRNA + YTH-YPet + MCP-ECFP + METTL3 (0 pM); the blue arrow indi-
cates the complex of YTH, MCP, and m®A aRNA; the red arrow indicates the complex of MCP and RNA.
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the fluorescence spectrum, as the donor emission decreased, and
the acceptor emission increased (fig. SID). ESMA revealed the
band that corresponded to the association of MCP-ECFP, YTH
YPet, and m®A aRNA after catalysis by the METTL3/14 complex
(Fig. 1E). The change in the m®A modification level after METTL3/14
complex treatment was further measured via a dot blot (fig. S1E).
Together, the above results demonstrated that the in vitro FRET
system we developed can monitor the dynamical m°A modifica-
tions of aRNAs by the METTL3/14 complex with high sensitivity
and specificity.

SMIS detects m®A modifications in living cells with high
spatiotemporal resolutions

To spatiotemporally track m®A-modified RNA in living cells, the
FRET signal must be amplified. Therefore, we designed a m®A re-
porter plasmid that contained transcriptional regulatory elements
(TREs), peroxisome signal peptide (SKL) fused to mCherry, and a
22x m°A tandem motif (GGACU) linked with corresponding MS2
aptamers, followed by an independently expressed reverse tetracy-
cline transactivator (fig. S2A). According to the in vitro design of
FRET biosensors, we first coexpressed MCP-ECFP and a YTH-YPet
protein that was cleaved by the P2A linker in a single cell. How-
ever, the FRET ratio did not significantly change between the
wild type (WT) and mutant biosensors when HeLa cells were
cotransfected with FRET biosensors and reporter mRNAs (fig. S2, B
and C). Compared to intermolecular sensors, intramolecular FRET
biosensors often exhibit higher sensitivity (35). Thus, we switched
the design for m®A detection in living cells to intramolecular
FRET biosensors, which consist of the following parts: YTH at
the N-terminus, a linker flanked by YPet and ECFP, and MCP at
the C terminus (fig. S2A). The N and C termini of the biosensor
bind to GGACU and adjacent MS2 on the reporter mRNA when
the mRNA is methylated to generate high FRET. This integrated
system, which we refer to as the SMIS, couples the FRET signal with
m®A modification.

To generate a SMIS with high sensitivity, we optimized the
FRET biosensor by changing the linker between YPet and ECFP,
the subcellular location of the fluorescence reporter, and the MCP
version. We confirmed that the FRET biosensor in the YTH-
YPet-EV linker ECFP-MCP format (BS-WT) exhibited a greater
FRET change than that of the negative FRET biosensor with
W432/486/491A mutations in YTH domain (BS-3A), which lost
the specific recognition of m°A modification (fig. S2, D to I).
Therefore, BS-WT and BS-3A were used for the following study.
Compared with BS-3A, BS-WT exhibited a greater FRET ratio in
HeLa and U20S cells after cotransfection with mCherry reporter
plasmids (fig. S2, ] to L), suggesting the specificity of BS-WT for
monitoring the m®A modifications of reporter mRNA. By replac-
ing SKL-fused mCherry with double nuclear localization signal
(NLS)-fused mMaroonl1 in reporter mRNA, the FRET pairs could
be separated from the reporter fluorescent protein more clearly
in the spectrum and in location (Fig. 2A). A higher FRET signal was
detected with the mMaroonl reporter by BS-WT than by BS-3A
after doxycycline (DOX) induction for 12 hours (Fig. 2, B to D).
To demonstrate that the specificity of the FRET signal results
from m®A-modified reporter mRNA, we generated a control re-
porter mRNA with the GGTCU motif, in which the mRNA was
not modified by m®A. Our results showed that the FRET signal
was significantly reduced in HeLa cells expressing the control
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reporter and BS-W'T, verifying the specificity of SMIS for m°A
modification (Fig. 2, E to G).

To obtain relatively uniform FRET signals from SMIS, we first
generated a stable HeLa cell line, i.e., the m°A reporter cell line,
that expressed mMaroonl reporter genes. In the stable cell line,
the puncta labeled by MCP-3XGFP were observed after DOX in-
duction for 1 hour, which were the clusters of reporter mRNAs
(Fig. 3A) and strongly colocalized with METTL3 and YTHDCI,
suggesting that the reporter mRNAs can be catalyzed by endoge-
nous METTL3 and recognized by the endogenous binder YTHDC1
(Fig. 3B). Then, on the basis of the m°A reporter cell line, we de-
livered the FRET biosensors BS-WT and BS-3A to generate stable
SMIS-WT and SMIS-3A cell lines, which functioned as WT and
deficient SMIS, respectively. Compared to SMIS-WT, SMIS-3A
cells contained the same m°A reporter mRNA but negative FRET
biosensors with W432/486/491A mutations in YTH domain (BS-
3A), thus losing responsiveness to m°A modification. Twelve
hours after DOX induction, the mMaroonl transcript level did
not significantly differ between the SMIS-WT and SMIS-3A cell
lines (Fig. 3C), whereas the FRET ratio of the SMIS-WT was sig-
nificantly greater than that of the SMIS-3A cell line (Fig. 3, D and
E); therefore, a stable SMIS system was successfully constructed
and can detect m°A modification in live cells. With METTL3
knockdown (Fig. 3F and fig. S3, A to C), the FRET ratio of SMIS-
WT was notably decreased in the siMETTL3 group (Fig. 3, G and
H). Compared to dimethyl sulfoxide (DMSO) treatment, the
mMaroonl intensity of SMIS-WT after STM2457 treatment, a
canonical METLL3 inhibitors, had no significant change (fig. S3D),
whereas the FRET ratio reduced in a concentration-dependent
manner (Fig. 3, Tand J, and fig. S3, E and F). Meanwhile, we quan-
tified the relative methylation level of reporter mRNA by m6ACE
sequencing methods with single base resolution according to the
literature (Fig. 3, Kand L, and fig. S3G) (41). The results indicated
that the m°A consensus motif in reporter RNA was extensively
methylated in SMIS-WT cells, which was significantly inhibited
by STM2457 treatment. In addition, the time-course FRET imag-
ing of SMIS-WT cells after STM2457 treatment was examined.
The detailed workflow was shown in fig. S3H. Specifically, SMIS-
WT cells were first induced by DOX for 14 hours to achieve
plateau where the FRET ratio was stable and then treated with
DMSO or STM2457 and DOX, respectively (Fig. 3M). In the
DMSO group, the FRET ratio remained constant after additional
DOX induction for 16.5 hours. In contrast, the FRET ratio gradu-
ally decreased after STM2457 treatment, reflecting the reduction
of m®A reporter RNAs. The representative FRET ratio images are
also shown in Fig. 3N. All the data demonstrated that SMIS
could monitor the m°A modification of reporter mRNA with
high specificity and sensitivity.

To monitor the dynamic changes in m°A modification during
gene expression, we simultaneously tracked the FRET signal and
mMaroonl intensity in HeLa cells with SMIS-WT or SMIS-3A,
which were expressed transiently or stably (Fig. 4, A to D). The
mMaroonl intensity gradually increased upon DOX induction in
both groups. The FRET ratio in the SMIS-W'T cells slowly increased
and reached a plateau at 12 hours. In contrast, FRET in the SMIS-3A
group remained unchanged during DOX induction, suggesting that
SMIS can be used to spatiotemporally monitor m®A modifications
and translation of reporter mRNA for both transient expression and
stable cell lines.
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Fig. 2. Live-cell imaging of m®A modifications with high specificity. (A) Schematic diagram of the live-cell SMIS system based on genetically encoded reporter mRNA
and an intramolecular FRET biosensor. (B) mMaroon1 intensity in HeLa cells transiently transfected with the reporter mRNA plasmid and the BS-WT or BS-3A system for
36 hours and then subjected to DOX induction for 12 hours; unpaired t test with Welch’s correction (BS-WT: n = 78; BS-3A: n = 58; P = 0.927). (C) Corresponding FRET/ECFP
ratio from (B), unpaired t test with Welch’s correction (BS-WT: n = 78; BS-3A: n = 58; P < 0.0001). (D) Representative images of mMaroon1 and the FRET/ECFP ratio for (B)
and (C). Scale bar, 15 pm. (E) mMaroon1 intensity in HeLa cells transiently transfected with BS-WT and m°A reporter (GGACU motif) or control reporter (GGTCU motif) for
36 hours and subjected to DOX induction for 12 hours, unpaired t test with Welch's correction (n = 65, P = 0.9416). (F) Corresponding FRET/ECFP ratio from (E), unpaired
t test with Welch’s correction (n = 65, P < 0.0001). (G) Representative images of mMaroon1 and the FRET/ECFP ratio for (E) and (F). Scale bar, 15 pm. ns, not significant.

SMIS monitors the dynamic enrichment of m®A-modified
RNA in SGs under arsenite-induced stress

SGs are organelles without membranes and are assembled through
LLPS of RNA binding proteins and mRNAs under stress conditions,
such as heat shock, osmotic stress (sorbitol), and oxidative stress (42, 43).
Recently, m°A-modified mRNAs and their cytoplasmic reader proteins
were reported to reside within SGs and pathological depositions, and

Lietal, Sci. Adv. 10, eadp5689 (2024) 15 November 2024

the latter was involved in neurodegenerative diseases (10, 44). However,
the interplay between m°A and SGs is controversial (27, 31). Now, the
main debates focus on the following points: Is the m°A modification a
deciding factor for the partitioning of mRNAs into SGs? Do m°A mod-
ifications or their readers contribute to SG stability?

Using SMIS, we monitored the location and m°®A levels on the
reporter mRNA during SG formation (Fig. 5A). The granules
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Fig. 3. SMIS detects the changes of m°A modification responsive to METTL3 regulation. (A) MCP-3XGFP images of m°A reporter cell after transient transfection with
MCP-3XGFP for 36 hours and DOX induction for 1 hour. Scale bar, 5 pm. (B) Immunostaining for METTL3 and YTHDC1 of m®A reporter cells in (A). Scale bars, 5 pm. (C to
E) Relative abundance of the mMaroon1 mRNA, quantification of FRET ratio, and representative images of FRET ratio in SMIS-WT and SMIS-3A cells after DOX induction
for 12 hours. Unpaired t test with Welch’s correction [n = 3, P =0.5168 in (C); n = 150, P < 0.0001 in (D)]. Scale bars, 20 pm. (F) Relative METTL3 RNA abundance in Hela
cells after siSC or siMETTL3 treatment for 48 hours. Unpaired t test with Welch's correction (n = 3, P = 0.0002). (G and H) Quantification of FRET ratio and representative
images of FRET ratio of SMIS-WT after siSC or siMETTL3 treatment for 36 hours and DOX induction for 12 hours. Unpaired t test with Welch's correction (n = 100, P < 0.0001).
Scale bars, 20 pm. (I and J) Quantification of FRET ratio and representative images of FRET ratio in SMIS-WT cells after pretreatment with DMSO or STM2457 for 3 hours
and incubated with DMSO or STM2457 (60 pM) and DOX (1 pg/ml) for 12 hours. Unpaired t test with Welch's correction (n = 100, P < 0.0001). Scale bars, 20 pm. (K) m6ACE
(red) and input (black) read-start counts [in reads per million mapped (RPM)] mapped to mMaroon1 reporter gene in (J); * means mCA site on reporter mRNA. (L) Quanti-
fication of m6ACE/input ratio at mCA site of reporter mRNA from (K). Unpaired t test with Welch’s correction (n = 22, P < 0.0001). (M) Time-course FRET imaging of SMIS-WT
after DMSO/STM2457 treatment, n = 10, specifically. (N) Representative FRET images in (M). Scale bars, 10 pm.
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formed after 20 min and matured approximately 40 to 60 min after
sodium arsenite (NaAsO,) treatment. After NaAsO, treatment, no
matter in SMIS-WT or SMIS-3A cells, the colocalization of the SG
marker G3BP1 and FRET biosensor from SMIS was identified by
immunostaining (fig. S4A), indicating the localization of FRET bio-
sensors in SGs. Then, higher FRET ratio was detected by SMIS-WT
in SGs at 40 min even 1 hour than that at 0 min upon NaAsO, treat-
ment (Fig. 5, A to C), suggesting that m®A-modified reporter
mRNAs preferred to locate in SG. However, there was no FRET ratio
increase observed from SMIS-3A, suggesting the specificity of FRET
ratio increase in SGs. SMIS-3A, as the negative control that can be
m°A modified but incapable of FRET, clarified that the increase of
FRET ratio in SMIS-WT was not due to the aggregation of FRET
biosensors in SGs but the enrichment of m°A modification (Fig. 5,

Lietal, Sci. Adv. 10, eadp5689 (2024) 15 November 2024

A to C). Putting together, our results indicated that m®A-modified
reporter mRNA preferred to locate in SG than in cytosol. To image
the reporter mRNA at the single-molecule level, we transiently
transfected the m®A reporter cell line with MCP-3XGFP to label the
reporter mRNAs. The results showed that most of the m®A-modified
reporter mRNAs colocalized with G3BP1 (Fig. 5, D and E). Single-
molecule RNA FISH (smFISH) analysis of reporter mRNA by tar-
geting the MS2 motif also revealed that most reporter mRNAs were
localized in granules (fig. S4B). To further verify the location of the
m®A-modified RNAs, we labeled the endogenous m®A-modified
RNAs and their cytoplasmic reader, YTHDEF2, with specific anti-
bodies. Endogenous m°A and YTHDE?2 also colocalized with
G3BP1 in the cytosol (Fig. 5F and fig. S4C). In addition, markedly
fewer MCP-3XGFP dots was found in SGs in the siMETTL3-treated
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Fig. 5. m®A modification promotes RNA accumulation in SGs. (A) Representative time-lapse images of the FRET ratio of SMIS-WT and SMIS-3A after DOX induction for
12 hours and NaAsO; treatment at the indicated time points. Scale bars, 5 pm. Normalized FRET ratio on granules in SMIS-WT (B) or SMIS-3A (C) after DOX induction for
12 hr and NaAsO, treatment for 1 hour. One dot represents the average FRET ratio of granules per cell after NaAsO, treatment normalized to the cytosolic FRET ratio in the
same cell before NaAsO, treatment. Unpaired t test with Welch’s correction (SMIS-WT: n = 10, P < 0.0001; SMIS-3A: n = 10, P < 0.0001). (D) MCP-3 x GFP and G3BP1 im-
ages in m°A reporter cells after transient transfection of m°®A reporter cells with MCP-3xGFP for 36 hours, DOX induction for 12 hours, and NaAsO, treatment for 1 hour.
The white arrow shows the quantification path. Scale bar, 1 um. (E) G3BP1 and MCP-3xGFP intensity profiles are shown along the arrow in (D). (F) G3BP1 and m®A
immunostaining images in Hela cells after NaAsO, treatment for 1 hour. Scale bars, 5 pm. (G) MCP-3xGFP and G3BP1 images in mOA reporter cells after transient
transfection with MCP-3xGFP for 12 hours, siSC or siMETTL3 treatment for 24 hours, DOX induction for 12 hours, and NaAsO, treatment for 1 hour. Scale bars,
2 um. (H) EGFP mean intensity in SGs, as indicated by G3BP1-GFP puncta, after siSC or SiMETTL3 treatment from (G). Unpaired t test with Welch’s correction (siSC: n = 53;
SIMETTL3: n = 37; P < 0.0001).

group than in the control group (Fig. 5, G and H). Together, the live-
cell imaging data from SMIS and immunostaining data strongly
demonstrated that m°A modification facilitated the partitioning of
mRNAs into SGs under stress.

SMIS detects changes in SG stability and function regulated
by siYTHDF2

Previous studies have shown that YTHDF1/2/3 could be associated
with multiple m®A-modified RNAs and undergo LLPS to form

Lietal, Sci. Adv. 10, eadp5689 (2024) 15 November 2024

droplets in vitro (27). Knocking down YTHDF1/3 impaired SG for-
mation, while knocking down YTHDEF2 exhibited a limited effect
(28). In general, information on the potential regulatory functions
of YTHDFs in SG disassembly is limited. Here, we focused mainly
on the function of YTHDFs in SG disassembly. First, we screened
small interfering RNAs (siRNAs) against cytosolic readers of m°A,
including YTHDF1/2/3, and identified the siRNA that most strong-
ly suppressed each specific reader gene (fig. S5, A to C). Then, we
explored the regulatory effect of YTHDF1/2/3 on SG disassembly by
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immunostaining for G3BP1 after siRNA treatment (fig. S5D). We
found that only siYTHDF2 accelerated the SG disassembly process
(Fig. 6, A and B). siYTHDF1 exhibited no effect on the disassembly
process, and siYTHDEF3 inhibited this process (fig. S5E). Using
SMIS, we monitored the dynamics of m°A modification, SG forma-
tion, and translation events simultaneously to address the role of
YTHDE?2 in SG stability and function. First, to demonstrate the fea-
sibility of the SMIS system for studying SG dynamics in living cells,
we carefully confirmed that the FRET biosensor and G3BP1 colo-
calized by performing immunostaining during SG formation and

disassembly after siRNA treatment (fig. S6A). Then, we tracked the
FRET changes and mMaroon1 intensities during dynamic SG pro-
cesses. Along with the workflow (fig. S6B), SMIS exhibited dynamic
granule formation after NaAsO, was added in the siSC group but
exhibited markedly less granule formation in the siYTHDF2 group,
suggesting that siY THDF2 may inhibit granule formation (fig. S6C).
Moreover, SMIS revealed that faster SG disassembly and FRET re-
duction occurred in SGs upon YTHDEF2 knockdown (Fig. 6, C to E).
All the live-cell imaging data demonstrated that knocking down
YTHDEF?2 decreased SG stability and promoted the demethylation of
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Fig. 6. YTHDF2 regulates SG stability and function. (A) G3BP1 immunostaining of HeLa cells after NaAsO, removal. HeLa cells were treated with siSC or siYTHDF2 for
48 hours, NaAsO; for 1 hour, and fresh medium supplemented with siRNA for the indicated times. Scale bars, 10 pm. (B) Percentage of SG-positive Hela cells after NaAsO,
removal. n = 2. (C) Representative images of the FRET ratio of SMIS-WT after siSC or siYTHDF2 treatment for 36 hours, DOX induction for 12 hours, NaAsO, treatment for
1 hour, and recovery by removal of NaAsO,. Scale bars, 5 um. (D) SG numbers in SG-positive SMIS-WT cells after NaAsO, removal from (C). n = 8. (E) Quantification of FRET
ratio during SG disassembly in SMIS-WT cells after NaAsO, removal from (C). Granules were manually segmented and circled to quantify their average FRET/ECFP ratio at
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(F) Relationships between translation and SG dynamics. (G) Normalized mMaroon1 intensity in SMIS-WT cells after siRNA treatment during SG formation and disassembly.
Unpaired t test with Welch’s correction (n = 30, P < 0.0001).
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m®A-modified RNAs, resulting in the redistribution of mRNAs into
the cytosol. Furthermore, translational stalling is usually associated
with SG formation (Fig. 6F) (45, 46). In the SMIS, the translation of
mMaroonl in the siSC and siYTHDF2 groups was inhibited after
NaAsO, treatment (fig. S6, D to F), and translation of the mMa-
roonl mRNA trapped in SGs started as early as 0.5 hours after
NaAsO, was removed. The siYTHDEF2 group exhibited a relatively
greater translation speed during SG recovery (Fig. 6G). The quick
recovery of translation may benefit from rapid SG disassembly after
YTHDF2 knockdown. In summary, SMIS revealed that YTHDEF2
played important roles in promoting SG stability and function.

m°A-modified RNA mediates the interaction between
YTHDF2 and G3BP1 to maintain SG stability

To test the universality of YTHDF2-induced effects on the stability
of SG, we knocked down YTHDF2 in U20S cells that stably ex-
pressed EGFP-tagged G3BP1 (G3BP1-EGFP) and observed consis-
tent results, as SG formation was reduced and SG disassembly was
accelerated via siYTHDEF?2 treatment (Fig. 7, A and B, and fig. S7, A
and B). G3BP1 is the critical protein in SG assembly (47), and
double knockout (KO) of G3BP1/2 prevents NaAsO,-induced SG
formation (23). Thus, knocking down YTHDF2 might change
SG stability through G3BP1.

We first quantified the protein level of G3BP1, and the results
showed that siYTHDEF2 efficiently reduced the YTHDF2 level and
slightly increased the G3BP1 level (Fig. 7, C and D). Next, we investi-
gated the interaction between YTHDF2 and G3BP1 because in addition
to the YTH domain, YTHDF2 contains an intrinsically disordered
region (IDR) that mediates various protein-protein interactions, as
reported previously (19, 48). Our co-immunoprecipitation (co-IP)
results demonstrated that YTHDEF?2 interacted with G3BP1, and this
interaction was strongly dependent on the presence of RNA (Fig. 7,
E and F). Moreover, METTL3 knockdown significantly reduced the
interaction between YTHDF2 and G3BP1, indicating that YTHDEF2
interacted with G3BP1 in a m°A-modified RNA-dependent manner
(Fig. 7, G and H). The interaction of YTHDF2 and G3BP1 under
unstressed condition was further confirmed by PLA (Fig. 7,Iand J).
Moreover, the colocalization between YTHDF2 and G3BP1 was fur-
ther imaged via expansion microscopy with super-resolution (Fig. 7,
K and L). YTHDF2 colocalized with G3BP1 under physiological
conditions, with an ~0.8 Manders’s colocalization coefficient. NaAsO,
treatment caused YTHDF2 and G3BP1 to form larger granules
and significantly increased the colocalization ratio. Knockdown of
YTHDE?2 increased the mobility of SGs (Fig. 7, M to O), demon-
strating that the participation of YTHDF?2 in SGs changed the bio-
physical properties of the granules, which might be related to
interactions involving its IDR. In summary, we showed that the
m®A-modified RNA-mediated interaction between YTHDF2 and
G3BP1 contributed to the stability and function of SG. Although
knocking down YTHDF2 did not reduce the G3BP1 level, it might
impair the multivalent interaction between m®A-modified RNA and
RNA binding proteins, thus reducing the stability of SGs and affecting
the functions of SGs (Fig. 7P).

DISCUSSION

Here, we developed a SMIS system that dynamically visualized
mRNA m®A modifications in living cells. Our technology offered a
powerful tool to generate high spatial and temporal resolution

Lietal, Sci. Adv. 10, eadp5689 (2024) 15 November 2024

images of m°A dynamics and functions in physiological and patho-
logical processes, e.g., RNA transcription and translation. With
SMIS, we found that the m®A-modified reporter mRNAs tended to
be enriched in SGs (Fig. 5), confirming that m®A modification con-
tributed to the partitioning of RNA during SG formation. After
YTHDEF2 knockdown, the SMIS showed that the stability of SGs
decreased and that the translation recovery process accelerated dur-
ing SG disassembly (Fig. 6). This is the first study to reveal the regu-
latory effect of YTHDF2 on SG disassembly. We further investigated
the underlying mechanism, and the results revealed that the interac-
tion between YTHDF2 and G3BP1 was dependent on m°A-modified
RNA (Fig. 7). Presumably, IDRs in YTHDF2 and m®A-modified
RNA mediate multivalent interactions between proteins and be-
tween protein and RNA to regulate SG stability and function
(19, 23, 29, 47). Owing to its high sensitivity and specificity in re-
porting m®A at spatiotemporal resolution, SMIS can be applied to
track, in principle, any m®A-mediated RNA metabolic processes
in living cells.

Recently, researchers demonstrated that another genetically
encoded m°®A sensor system, called GEMS, can sense changes
in m°A methylation within living cells through using a YTH-
APOBECI editable GFP reporter (34). When the mRNA of the
GFP reporter was m®A modified, YTH-APOBECI could recog-
nize the m°A modification and edit the adjacent C to U to form
two stop codons, further preventing the expression of a destabi-
lization domain after GFP. Although GEMS can be used to trans-
form the m®A level of reporter mRNA to GFP intensity as a simple
readout, this method reads the m®A level globally and at specific
times without providing accurate spatiotemporal information. In
contrast to GEMS, SMIS can perform time-lapse imaging and re-
veal the three-dimensional location of m®A modifications (Figs. 4
to 6), which is critical for RNA function (49). In addition, YTH-
APOBECI theoretically edits C on reporter mRNA and endoge-
nous RNAs, which might change endogenous gene expression and
function. SMIS monitors m°A dynamics without affecting RNA
sequence. Therefore, SMIS could provide more diversified applica-
tions; for instance, SIMS could track the reporter mRNA location
and m°A modification during SG formation and disassembly
without editing endogenous RNAs.

The function of m°A modification in guiding mRNAs into SGs is
unclear. The earliest report on this topic showed that the mRNAs in
SGs presented more m°A modifications, as determined by quantify-
ing the m®A ratio through thin-layer chromatography and sequenc-
ing (27). In contrast, one study used single-molecule FISH analysis
of 14 mRNAs and did not find different enrichment of those tran-
scripts in WT and METTL3 KO cells, which suggested that m°A
modification had limited effects on the distribution of mRNAs into
SGs (31). A recent study did the critical experiment of examining
mRNA enrichment in SGs of METTL3 KO cells, showing defini-
tively that m®A guided enrichment of mRNAs into SGs (50). Never-
theless, it would be valuable to provide additional data using
alternative approaches to further test the role of m®A in mRNA en-
richment in SGs. Our SMIS system directly monitors changes in the
mPA level in single living cells and largely remedies the heterogene-
ities of current methods, which are based on cell lysis and purifica-
tion steps. SMIS reveals that the FRET ratio on SGs gradually
increases during stress (Fig. 5A), which provides direct evidence
that the average m®A level on reporter mRNAs in SGs increases.
Therefore, to some extent, our FRET imaging data support the
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Lietal, Sci. Adv. 10, eadp5689 (2024) 15 November 2024

100f 15



SCIENCE ADVANCES | RESEARCH ARTICLE

positive function of m°A modification in the partitioning of mRNAs
into SGs.

The function of m°A readers in SG regulation has received
much attention in recent years. In vitro studies have shown that
YTHDF1/2/3 and their IDRs at the N terminus can undergo LLPS
(27, 29), and their C-terminal m6A—binding domains also contribute
to this process (30). The addition of multiple m®A-modified RNAs
notably exacerbates the LLPS process (27). However, the potential
function and mechanism of YTHDF2 in regulating the stability of
SGs in living cells remain unknown. Our results demonstrated that
the knockdown of YTHDF2 markedly reduced the number of SGs,
as indicated by G3BP1-GFP puncta, under NaAsO,-induced stress
(Fig. 7, A and B). Moreover, the reduction in YTHDEF2 increased SG
disassembly and m°A-modified RNA partitioning into the cytosol,
which further increased the translational recovery of SG-trapped
mRNAs (Fig. 6, C to G). According to the results obtained with the
SIMS system, YTHDF2 plays important roles in SG stability and
function. Previous immunostaining revealed that YTHDF2 colocal-
ized more with G3BP1 clusters, while YTHDF1/3 resided in the
periphery of G3BP1 clusters in stressed cells (28). We believe that
the siRNA chosen greatly affects the ability to efficiently reduce
YTHDEF?2 levels, so we screened five siRNAs for YTHDF2 and se-
lected the most efficient one with the minimum transcript level for
functional study (fig. S5B). In addition, the expression level of
YTHDF1/2/3 in distinct cells might determine which reader is re-
sponsible for m°®A-related functions in SG stability. For example, in
a previous study, although the knockdown of YTHDF2 did not
reduce SG formation, the overexpression of YTHDEF2 rescued the
siYTHDF1/3-induced reduction in SG yield (28).

In summary, the SMIS system provides substantial insight into
the interplay between m°A modification and SG stability by directly
visualizing m°A dynamics involved in the formation and disassem-
bly of SGs in single living cells. SMIS shows advantages in tracking
the location and dynamics of m°A-modified reporter mRNA at high
spatiotemporal resolution. In theory, SMIS can be applied to track
any m®A-mediated RNA metabolic processes in living cells. Several
optimization steps can be performed when SMIS is applied to live-
cell imaging. First, the current version of SMIS tracks transcription,
m°A modification, and translation of reporter mRNA but not en-
dogenous mRNA. An antisense RNA or Casl3-targeting strategy
could be used to perform m°A imaging of endogenous mRNAs. Sec-
ond, SMIS requires two components for m®A detection by FRET. The
copy number of the reporter mRNA and FRET biosensor may affect
the sensitivity of the system because excess FRET biosensors may
generate background signals if the sensors do not bind to RNAs.
Therefore, delivering more reporter mRNAs or circularly permuted
EGFP (cpEGFP)-based designs would be helpful.

MATERIALS AND METHODS

Plasmid construction for Escherichia coli expression

The pRSET B vector was linearized with Bam H1 and Eco R1 en-
zymes. The MCP fragment was amplified from pHAGE-EFS-MCP-
3xBFP (Addgene, 75384). The ECFP fragment was amplified from
the H3K9me3 FRET biosensor (BS) (39) (published in 2018 by our
laboratory). MCP, ECFP, and linearized pRSET B were assembled
with the ClonExpress Ultra One Step Cloning Kit (Vazyme, C115-
01) to generate the pRSET B MCP-ECFP plasmid. YTH and YTH
3A fragments were amplified from pUC kan™ YTH and YTH-3A

Lietal, Sci. Adv. 10, eadp5689 (2024) 15 November 2024

(purchased from GENEWIZ Inc.), respectively. The YPet fragment
was amplified from the H3K9me3 FRET BS. After YTH or YTH 3A,
YPet and linearized pRSET B were assembled, and the pRSET B
YTH-YPet and YTH-YPet 3A plasmids were generated.

Protein expression and purification

The pRSET B vectors containing MCP-ECFP, YTH-YPet, and YTH-
YPet 3A were transformed into BL21 competent cells. A single colony
was cultured overnight in 10 ml of LB medium supplemented with
ampicillin. Two hundred milliliters of fresh LB medium was added to
the culture medium, and the mixture was grown until the optical den-
sity was 2.0. Then, 0.2 mM isopropyl-p-D-thiogalactopyranoside was
added to induce protein expression at 18°C for 20 hours. The bacteria
were harvested and lysed in tris buffer [50 mM tris, 300 mM NaCl
(pH 8.0), and 1x phenylmethylsulfonyl fluoride] by a homogenizer.
The supernatant was collected after centrifugation at 20,000g for 30 min
and incubated with pretreated Ni-nitrilotriacetic acid (Sangon
Biotech, C600033) at 4°C for 1 hour. After the beads were carefully
washed, the protein of interest was eluted with 300 mM imidazole. The
elution buffer was changed to tris buffer [50 mM tris and 300 mM NaCl
(pH 8.0)] through Amicon Ultra 15-ml Centrifugal Filters (Merck).

In vitro FRET assay

Before use, the RNA samples were heated at 85°C for 3 min and
immediately placed on ice. MCP-ECFP (2 pM) and YTH-YPet
(4 uM) or YTH-YPet 3A (4 pM) were incubated with mC®A aRNA
(1 pM; GENEWIZ) or aRNA (1 pM; GENEWIZ) in RNA bind-
ing buffer [100 mM tris, 80 mM KCl, 10 mM MgCl,, 1 mM dithio-
threitol (DTT), 10% glycerol, and bovine serum albumin (BSA)
(100 pg/ml)] at room temperature (RT) for 1 hour. The m®A
aRNA sequence used was CCGG/m°A/CUGUACAUGAGGAUC-
ACCCAUGU, and the aRNA sequence used was CCGGACUGUA-
CAUGAGGAUCACCCAUGU. The fluorescent emission spectrum
was tested by a Multimode Microplate Reader (Synergy H1, BioTek)
after excitation at 420 nm. For the METTL3/14 catalysis assay,
MCP-ECFP (2 pM), YTH-YPet (4 pM), and aRNA (1 pM) were mixed
in reaction buffer [25 mM tris, 150 mM NaCl, 5% glycerol, 1 mM DT,
and RNase inhibitor (0.2 U/pl)] before METTL3/14 (0/0.5/1/2 pM)
and SAM (10 pM) were added. After excitation at 420 nm, the
kinetic emission at 528 nm and 478 nm was monitored.

Electrophoretic mobility shift assay

A mixture of RNA binding proteins and RNA was subjected to 10%
native polyacrylamide gel electrophoresis in 1X tris-borate EDTA
buffer. Electrophoresis was conducted at 120 eV for 60 min. The native
gel was stained with Gel Red and imaged on a ChemiDoc MP imaging
system (Bio-Rad). For MCP-ECFP association with RNA, MCP-ECFP
(1 pM) was incubated with m®A aRNA (1 pM) or aRNA (1 pM) in
RNA binding buffer [100 mM Tris, 80 mM KCl, 10 mM MgCl,, 1 mM
DTT, 10% glycerol, and BSA (100 pg/ml)] for 1 hour before being di-
rectly loaded into the native gel. For YTH-YPet association with RNA,
YTH-YPet (4 uM) was incubated with m®A aRNA (1 pM) or aRNA
(1 pM) in RNA binding bufter for 1 hour before being directly loaded
into the native gel. For the METTL3/14 catalysis assay, after 12 hours,
the reaction mixtures were directly loaded into native gels.

m°®A dot blot
The RNAs were extracted from the METTL3/14 catalysis solution
by RNA Clean & Concentrator-5 (Zymo Research, R1013). The
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RNA was further unfolded by heating at 85°C for 3 min and imme-
diately incubated on ice. Forty-five nanograms of RNA was loaded
on Hybond-N+ hybridization membranes (Merck, GERPN203B)
and crosslinked by 365-nm ultraviolet (UV) light. The membrane
was blocked with 5% BSA in Tris-Buffered Saline with 0.1% Tween-
20 (TBST) and incubated with a m®A antibody (1:200; Synaptic Sys-
tems, 202003) overnight. After three washes were performed with
1x TBST, the membrane was incubated with anti-rabbit immuno-
globulin G (IgG) and horseradish peroxidase-linked antibodies
[1:5000; Cell Signaling Technology (CST), 7074] at RT for 1 hour.
Last, the membrane was washed thoroughly with 1x TBST and im-
aged with a ChemiDoc MP imaging system (Bio-Rad).

Cell culture and plasmid transfection

HeLa, U20S, and G3BP1-GFP U20S cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% Australian
fetal bovine serum and 1% penicillin-streptomycin solution in a
sterile 37°C incubator with 5% CO,. For transient transfection, a
Lipofectamine 3000 kit (Thermo Fisher Scientific, L3000015)
was used according to the manufacturer’s manual. Typically, we
used 1.5 pl of Lipofectamine 3000 and 1 pl of P3000 to cotrans-
fect 500 ng of reporter and 60 ng of BS plasmid into HeLa or
U208 cells.

Reporter plasmid construction

The mMaroon1 reporter plasmid was constructed by ligating dNLS-
mMaroonl cut by Nhe 1 and Kpn 1, the 22x m®A-MS2 motif cut by
Kpn 1 and Bam HI, and the linearized PLD1112 plasmid (a gift
from Lin Deng) cut by Nhe 1 and Bam H1. dNLS-mMaroonl was
amplified from pLL3.7 m-mO2-SLBP-H1-mmaroonl (previously
constructed by our laboratory). The 22x m®A-MS2 motif was cut
from PUC kan™ m®A-MS2 (purchased from GENEWIZ Inc.). Simi-
larly, a control reporter plasmid was constructed by replacing the
m°A-MS2 (GGAUC) motif with the control-MS2 motif GGT-
CU. The 22 control-MS2 motif was cut from PUC Kanamycin control-
MS2 (purchased from GENEWIZ Inc.). The mCherry reporter
plasmid was constructed via a similar strategy. All the ligation prod-
ucts were transformed into stbl3 competent cells, which were subse-
quently cultured at 30°C for further processing steps, including
colony selection, plasmid extraction, and sequencing.

FRET biosensor construction

To rationally design SMIS system, we analyzed the structure of YTH
domain and MCP protein. In the 3D structure of MCP protein, it
forms dimer with head-to-tail orientation, and its N and C terminus
are very close each other in the same direction, which determines
the terminus position of MCP in the biosensor to avoid the high
basal level of FRET. Meanwhile, N and C terminus of YTH domain
are also on the same side, suggesting its terminal position in the bio-
sensor as well. The affinity between YTH domain and m®A-modified
RNA is about 1.2 pM (51), which is good for biosensor design. Thus,
we put the YTH domain at the N terminus and MCP at the C termi-
nus with the canonical FRET pair YPet/ECFP in the middle. To ob-
tain a sensitive FRET biosensor, we optimized linkers of FRET
biosensor flanking by ECFP and YPet, MCP format, and copy num-
ber of NLS signal peptides. For the linker, we optimized with either
the flexible EV linker (35) or semi-flexible linker 76 (52). For the
MCP format, we tried the MCP monomer and the tandem dimeric
MCP to evaluate the influence of MCP dimerization. We also designed
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cytosolic version of the FRET biosensor to allow measurement of m®A
modification in different subcellular locations.

The WT FRET biosensor (BS-WT) was constructed by assem-
bling the YTH domain, YPet-EV-ECFP, MCP, and pSin vectors cut
by Nhe 1 and Eco R1. The YTH domain (380 to 579 amino acids
of YTHDF2) was amplified from pUC Kan™ YTH (purchased from
GENEWIZ Inc.). YPet-EV-ECFP was amplified from the H3K9me3
FRET BS (published in 2018 by our laboratory). MCP was ampli-
fied from pHAGE-EFS-MCP-3xBFP (Addgene, 75384). A mu-
tant FRET biosensor (BS-3A) was constructed by replacing
the YTH domain with the YTH-3A domain with the W432A,
W486A, and W491A mutations. The YTH-3A domain was am-
plified from pUC Kan* YTH-3A (purchased from GENEWIZ
Inc.). All the assembly products were transformed into DH5a
competent cells, which were subsequently cultured at 37°C for
further identification.

Virus packaging and infection

Human embryonic kidney (HEK) 293T cells were plated in 35-mm
dishes at a cell density of approximately 40% on day 0. VSV-G (742 ng),
delta-R8.2 (1536 ng), and the plasmid of interest (1.5 equivalent to
VSV-G) were transfected into HEK293T cells by using the Lipo-
fectamine 3000 kit on D1 according to the manufacturer’s manual.
At 6 hours after transfection, the medium was replaced with fresh
medium. At 48 hours after transfection, the supernatant was col-
lected and concentrated with PEG-it Virus Precipitation Solution
(SBI, LV810A-1). The concentrated virus was stored in a —80°C
freezer. For virus infection, HeLa cells were plated on 24-well plates
and incubated with virus solution for 48 hours after adherence. The
monoclonal cells with correct expression of the protein of interest
were sorted by flow cytometry (FACS Aria III, BD Biosciences).

FRET imaging

FRET imaging was conducted on a Dragonfly Confocal Microscopy
System equipped with a seven-laser, Electron Multiplying Charge-
Coupled Device (EMCCD) camera, and live-cell workstation. The
ECFP and FRET channels were excited by a 445-nm laser. The 478-nm
filter and 571-nm filter were used to collect the emission of ECFP
and FRET, respectively. The mMaroonl was excited by a 637-nm
laser, while a 698-nm filter was used to collect the emission. A mul-
tiposition model with a time series was used to track the live cells
dynamically. The FRET ratio was calculated and displayed by the
open-source software Fluocell (http://github.com/lu6007/fluocell) (53).
For HeLa cells transiently transfected with the SMIS system, the
cells were transported into glass-bottom dishes after 24 hours of
transfection. The FRET images were acquired at least 12 hours after
the cells were adherent. The settings of the ECFP and FRET chan-
nels were a 10% laser with a 100-gain value and 500-ms exposure
time. The mMaroon1 channel was imaged with a 5% laser, 100 gain,
and 500-ms exposure time. The cells with an ECFP intensity of 1000
to 1500 were counted to calculate the FRET ratio.

Immunostaining

The cells were plated on glass-bottom dishes and fixed with 4%
paraformaldehyde for 30 min at least 12 hours after the cells had
adhered. Then, the cells were permeabilized with 0.25% Triton in
phosphate-buffered saline (PBS) for 30 min and blocked with 5%
BSA in 1x Phosphate Buffered Saline with 0.1% Tween 20 (PBST)
for 2 hours. The cells were incubated with antibodies against
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METTL3 (1:1000; Abcam, ab195352), G3BP (1:1000; Abcam, ab56574),
YTHDF?2 (1:1000; Abcam, ab246514), or m°A (1:200; Synaptic Sys-
tems, 202003) at 4°C overnight. Then, the cells were washed with
1x PBST three times and incubated with anti-mouse or anti-rabbit
IgG antibodies conjugated with Alexa Fluor 594 for 1 hour. The nuclei
were stained with Hoechst 33342 for 10 min.

siRNA treatment

Cells at 30 to 40% confluence were transfected with siRNA with Li-
pofectamine RNAIMAX (Thermo Fisher Scientific, 13778150) ac-
cording to the manufacturer’s recommendations. Typically, 3 pl of
RNAIMAX reagent and 1 pl of siRNA stock (10 pM) were mixed with
50 pl of opti-MEM and incubated for 5 min at RT. The mixture was
added to 1 ml of cell culture medium to induce protein knockdown
with 0.5 million cells at most. For Western blotting and immunos-
taining, siRNA treatment was usually administered for 48 hours un-
less otherwise indicated. For SG formation in FRET imaging, siRNA
treatment was usually performed for 36 hours, after which fresh me-
dium containing DOX (1 pg/ml) and new siRNA was added to re-
place the original medium. For SG disassembly, fresh medium with
new siRNA was added to replace the culture medium with NaAsO,.
The sequences of the siRNAs used are as follows: siSC (UUCU-
CCGAACGUGUCACGUTT), siMETTL3 (CGACUACAGUAG-
CUGCCUUTT), siYTHDF1 (GCGTCTAGTTGTTCATGAATT),
siYTHDF2-1 (GGACGTTCCCAATAGCCAATT), siYTHDF2-2
(GCACAGAAGUUGCAAGCAATT), siYTHDF2-3 (GGGAUUGA-
CUUCUCAGCAUTT), siYTHDF2-4 (GCAGUGGGUUCGGU-
CAUAATT), siYTHDF2-5 (GCACAGAGCAUGGUAACAATT),
and siYTHDF3 (GCAAUACAGUAGAUUUGAAUACCTT).

Co-immunoprecipitation

For RNA-dependent co-IP, 2 million cells were harvested and
lysed with 400 pl of Pierce IP Lysis Buffer (Thermo Fisher Scientific,
87787) containing protease inhibitor cocktail (1:100; Roche,
4693132001) and RNase inhibitor (1:100; Thermo Fisher Scienitific,
N8080119) on ice for 20 min. The lysed mixture was centrifuged
at 850g for 10 min. Twenty-five microliters of Dynabeads Protein
G (Thermo Fisher Scientific, 88802) was used to pretreat and in-
cubate the mixture with the supernatant to preclear the cell lysis.
The protein concentration in the supernatant was quantified by a
bicinchoninic acid (BCA) kit. Two hundred micrograms of su-
pernatant was incubated with 1 pg of the YTHDF2 antibody
(Abcam, ab246514) for 1 hour at RT. Then, 50 pl of Dynabeads
Protein G was added to the mixture, which was subsequently in-
cubated for another hour. The beads were washed with Pierce IP
Lysis Buffer three times and then separated equally into two
tubes. One hundred microliters of lysis buffer containing RNase
(10 pg/ml) or RNase inhibitor (1:100) was incubated with the
beads for 30 min. The beads were washed with Pierce IP Lysis
Buffer three times. Then, 20 pl of 1 loading buffer was incubated
with the beads and heated at 95°C for 10 min. To identify the
proteins, Western blot analysis was performed with YTHDEF2
(1:1000; Abcam, ab246514), G3BP (1:1000; Abcam, ab56574),
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1:5000;
CST, 2118). For m®A-dependent Co-IP, HeLa cells treated with
siSC or siMETTL3 for 48 hours were lysed with 200 pl of Pierce
IP lysis buffer containing protease inhibitor cocktail and RNase
inhibitor (1:100) on ice for 20 min. The subsequent procedures
followed the above co-IP protocol.
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Fluorescence recovery after photobleaching

G3BP1-EGFP U20S cells were treated with siRNA for 48 hours and
NaAsO, for 1.5 hours and imaged by SpinSR (Olympus). The fluo-
rescence recovery after photobleaching (FRAP) workflow included
5 cycles of confocal imaging with a 488-nm laser, 5 cycles of photo-
bleaching with 60% laser power of a 405-nm laser, and 50 cycles of
continuous imaging with a 488-nm laser. The data were analyzed by
the FRAP model of cellsens software with double exponential func-
tion fitting. The t value indicates the recovery time after FRAP.

Expansion microscopy

The expansion microscope methods were performed according to
the literature, with minor modifications (54). Specifically, HeLa cells
were incubated with fixation solution for 15 min at RT and then
washed with 1x PBS three times for 10 min each. The cells were
treated with postfix solution in a gelation chamber for 6 to 7 hours
at 37°C. Then, the cells were washed with PBS twice and incubated
with expansion gel solution for 15 min at RT. The cells were subse-
quently incubated with expansion gel solution for 1.5 hours at
37°C. Coverslips with hydrogels were then incubated in 1 ml of de-
naturation buffer for 15 min at RT. The gels were then transferred
into tubes filled with 1.5 ml of denaturation buffer and incubated at
73°C for 1 hour. Then, the gels were incubated with Milli-Q water in
petri dishes overnight for expansion. In the first 2 hours of incuba-
tion, we changed the water every hour and then incubated with
fresh water for overnight.

The fixation solution was 3% formaldehyde (FA) and 0.1% glu-
taraldehyde (GA) in 1x PBS. Postfix solution was 0.7% FA + 1%
acrylamide (w/v) in 1x PBS. Expansion gel solution was 19% (w/v)
sodium acrylate + 10% acrylamide (w/v) + 0.1% (w/v) N, N’-(1,2-
dihydroxyethylene) bisacrylamide + 0.25% (v/v) Tetramethylethyl-
enediamine (TEMED) + 0.25% (w/v) ammonium persulfate in 1X
PBS. Denaturation buffer was 200 mM SDS + 200 mM NaCl + 50 mM
tris in Milli-Q water (pH 6.8).

m6ACE library preparation

m6ACE library preparation was conducted according to literature
(41) with minor modification. Specifically, the total RNA was ex-
tracted from cells using total RNA kit I (Omega Bio-tek, R6834) ac-
cording to the manufacturers instructions. Then, polyadenylate
[poly(A]) RNA was purified by VAHTS mRNA Capture Beads 2.0
(Vazyme, N403-01). After ethanol precipitation, poly(A) RNA was
fragmented by treatment with RNA fragmentation buffer (Ambion,
AM8740) for 7.5 min at 70°C to form fragments of 120 to 150 nt in
length. After another round of ethanol precipitation, fragmented
RNA was incubated with 10 U of T4 PNK (NEB, M0201) for 30 min
at 37°C. Then, 1 mM adenosine 5'-triphosphate (ATP) was added
into the solution and incubated for 30 min at 37°C. Phosphorylated
RNA was purified by Oligo Clean & Concentrator (Zymo Research,
D4060) and ligated with 5’-adenylated,3-dideoxyC DNA adaptors
by 400 U of truncated T4 RNA ligase 2 (NEB, M0242) in 1x ATP-
free T4 RNA ligase buffer [50 mM tris (pH 7.5); BSA (60 pg/ml); 10 mM
MgCl,; 10 mM DTT; and 12.5% polyethylene glycol, molecular
weight 800 (PEG-8000)] for 2 hours at 25°C. The 3’ ligation product
was purified with AMPure XP beads (Beckman Coulter, A63881). A
total of 200 pg of 3'-ligated methylated RNA spike-in was added to
1 to 5 pg of ligated poly(A) RNA, and the mixture was denatured
for 5 min at 65°C before incubating for 2 min on ice. The dena-
tured RNA was incubated overnight at 4°C with 8 pg of anti-m°A
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antibody (Synaptic Systems, 202003) in 1x IP buffer [150 mM LiCl,
10 mM tris (pH 7.4), and 0.1% IGEPAL CA-630 (Sigma-Aldrich
18896)] supplemented with RNasin Plus (1 U/ul; Promega N2611).
In parallel, 1.2 mg of Dynabeads Protein A was blocked with BSA
(0.5 mg/ml; Sigma-Aldrich, A7906) in 1x IP buffer overnight at
4°C. The antibody-RNA mixture was separated into 50 pl of aliquots
and cross-linked six times with 254-nm UV radiation at 0.15 J/cm?.
The antibody-RNA mixture was recombined for further operation.
The 1% of the mixture was used as input-RNA. The remainder (des-
ignated as m6ACE-RNA) was mixed with preblocked Dynabeads
Protein A or 1.5 hours at 4°C. Beads were then washed with 250 pl
of cold buffers as follows: wash buffer 1 [1 M NaCl, 50 mM Hepes-
KOH (pH 7.4), 1% Triton X-100, 0.1% sodium deoxycholate, and
2 mM EDTA], wash buffer 2 [0.5 M NaCl, 50 mM Hepes-KOH
(pH 7.4), 1% IGEPAL, 0.1% sodium deoxycholate, and 2 mM
EDTA], wash buffer 3 [1% sodium deoxycholate, 25 mM LiCl, 10 mM
tris (pH 8), 1% Triton X-100, and 2 mM EDTA], TE [10 mM tris
(pH 8) and 1 mM EDTA], and lastly 10 mM Tris (pH 8). m6ACE
RNA was then denatured in 10 pl of 10 mM tris (pH 8) for 5 min at
65°C and kept on ice. A total of 1 U of XRN-1 (NEB, M0338) was
used as 5’ to 3" exonuclease to digest m6ACE RNA in XRN-1 buffer
[100 mM LiCl, 45 mM tris (pH 8), 10 mM MgCl,, and 1 mM DTT]
and RNasin Plus (1 U/pl), with shaking at 1000 rpm for 1 hour at
37°C. The m6ACE RNA-bead mixture was then washed with wash
buffer 1, wash buffer 2, wash buffer 3, TE, and 10 mM tris (pH 8).
Both input and m6ACE RNAs were eluted in elution buffer [1%
SDS, 200 mM NaCl, 25 mM tris (pH 8), 2 mM EDTA, and Protein-
ase K (1 mg/ml; Thermo Fisher Scientific, EO0491)], with shaking at
1000 rpm for 1.5 hours at 50°C. RNAs were ethanol-precipitated
and ligated to 5 pmol of 5" adaptors with 10 U of T4 RNA ligase
(Ambion, AM2140) supplemented with 12.5% PEG-8000 and RNa-
sin Plus (2 U/pl) for 16 hours at 16°C before being purified with
Oligo Clean & Concentrator. A total of 5 pmol of reverse transcrip-
tion primer was annealed (72°C for 2 min, ice for 2 min), and re-
verse transcription was performed with 200 U of Superscript III
(Invitrogen, 18080) for 1 hour at 50°C, with the reaction stopped by
incubating for 15 min at 70°C. The cDNA was PCR-amplified
for 14 cycles with Phusion High-fidelity PCR master mix (Ther-
mo Fisher Scientific, F530) and TruSeq PCR primers. Last,
primer-dimer and adaptor dimers were removed with AMPure
XP beads before undergoing PE150 sequencing on the Illu-
mina NovaSeq platform.

m6ACE-seq data analysis

m6ACE-seq analysis was performed as previously described: Fastq
sequences were first filtered for a quality score of 20 and then
trimmed of 5" and 3’ adapter sequences and poly(A) tails using
Cutadapt 3.7 -q 20 -m 30 -a TGGAATTCTCGGGTGCCAAGG -A
GATCGTCGGACTGTAGAACTCTGAAC. The 8-nucleotide oligo-
mer Unique Molecular Identifier (UMI) located at the first eight
nucleotides of read 1 was registered and trimmed. Any complemen-
tary UMI sequence in read 2 was also trimmed. Reads were mapped
to the methylated spike-in (rUrCrUrCrCrUrUrArGrUrArGrCrUrC-
rCrUrArArGm6ArUrCrGrUrCrGrArGrUrUrArCrArCr-
GrArCrGr-ArCrArUrUrGrUrUrCrCrGrArCrUrGrArCrG) or to the
mMaroonl reporter gene sequence using Bowtie2 2.2.5-q-N 1 —-no-
mixed -no-discordant. Aligned pairs that had the same mapping
coordinates and UMIs were filtered out as PCR duplicates. To calcu-
late the relative methylation level (m6ACE/input) of each site, the
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read-start counts at the middle of each of the 22 “GGACU” m6ACE
library were divided by the read-start counts at the same site in
the input library.

Statistical analysis

Statistical analysis was performed using GraphPad Prism by un-
paired ¢ test with Welch’s correction. ns (not significant), P > 0.05;
¥P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001.

Supplementary Materials
This PDF file includes:
Figs.S1to S7
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