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SINEUPs are natural and synthetic antisense long non-coding
RNAs (lncRNAs) selectively enhancing target mRNAs transla-
tion by increasing their association with polysomes. This activ-
ity requires two RNA domains: an embedded inverted SINEB2
element acting as effector domain, and an antisense region, the
binding domain, conferring target selectivity. SINEUP technol-
ogy presents several advantages to treat genetic (haploinsuffi-
ciencies) and complex diseases restoring the physiological ac-
tivity of diseased genes and of compensatory pathways. To
streamline these applications to the clinic, a better understand-
ing of the mechanism of action is needed. Here we show that
natural mouse SINEUP AS Uchl1 and synthetic human miniS-
INEUP-DJ-1 are N6-methyladenosine (m6A) modified by
METTL3 enzyme. Then, we map m6A-modified sites along
SINEUP sequence with Nanopore direct RNA sequencing and
a reverse transcription assay. We report that m6A removal
from SINEUP RNA causes the depletion of endogenous target
mRNA from actively translating polysomes, without altering
SINEUP enrichment in ribosomal subunit-associated fractions.
These results prove that SINEUP activity requires an m6A-
dependent step to enhance translation of target mRNAs,
providing a new mechanism for m6A translation regulation
and strengthening our knowledge of SINEUP-specific mode
of action. Altogether these new findings pave the way to a
more effective therapeutic application of this well-defined class
of lncRNAs.

INTRODUCTION
The majority of transcribed RNAs consist of non-coding RNAs
(ncRNAs) whose function is scarcely known.1,2 Among them, long
non-coding RNAs (lncRNAs) can play key regulatory functions in
physiological and disease-associated processes and may represent a
new class of candidate therapeutics or drug targets.3 About a third
of lncRNAs overlap with protein-coding genes4 and many of them,
being transcribed from the opposite strand, give rise to sense/anti-
sense pairs.4,5 A lncRNA antisense (AS) to mouse Ubiquitin car-
boxy-terminal hydrolase L1 (Uchl1/Park5), called AS Uchl1, was pre-
viously studied for its ability to up-regulate UCHL1 protein synthesis
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by enhancing Uchl1 mRNA association to polysomes.6 AS Uchl1 and
the sense-coding gene are organized in a 50 head-to-head configura-
tion in the genome, with an overlapping region located around
Uchl1 translation initiation codon AUG.6,7 AS Uchl1 is the represen-
tative member of a functional class of natural and synthetic antisense
lncRNAs, called SINEUPs, able to up-regulate translation through an
embedded inverted SINEB2 (invSINEB2) element.7 SINEUPs have a
modular architecture composed of two essential domains: in the 50,
the overlapping region, or binding domain (BD), confers target selec-
tion ability and specificity, while in the remaining part, the invSI-
NEB2 element acts as an effector domain (ED), enhancing transla-
tion. Functional studies on various portions of natural AS Uchl1
have also revealed that the exclusive combination of BD and ED se-
quences, called miniSINEUPs, retain a comparable activity level while
reducing SINEUP RNA length from �1,200 to �250 nt.8 From a
structural point of view, the stem loop 1 (SL1) motif in the invSINEB2
sequence was proved to be crucial for SINEUP activity, as its deletion
from AS Uchl1 causes a complete loss of UCHL1 induction.9–11

Designing antisense BD sequences complementary to an mRNA of
interest, the translation-enhancing activity of SINEUPs can be
directed to any endogenous or exogenous (e.g., co-transfected)
gene. Synthetic SINEUPs and miniSINEUPs have been reported to
be effective in several cell types on a wide range of targets in vitro,
including EGFP, FLAG-tagged proteins, and recombinant anti-
bodies,12–14 and in vivo on endogenous target mRNAs.15,16 These
translation-enhancing properties have made synthetic SINEUPs a
new platform for RNA therapeutics.14–17 As a roadmap for the use
of SINEUP technology in the clinic, proof-of-concept experiments
uthor(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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A B Figure 1. Natural AS Uchl1 lncRNA and synthetic

miniSINEUP RNAs are m6A methylated

(A) m6A-RIP qPCR analysis on RNA from MN9D mouse

dopaminergic cells expressing endogenous and overex-

pressed mouse natural AS Uchl1. Tlr3 and Ndel1mRNAs

were used as an endogenous positive and negative

controls, respectively. (B) m6A-RIP qPCR analysis on

RNA fromminiSINEUP-DJ-1 transfected A549 cells. SON

mRNA was used as an endogenous positive control. El-

uates from IgG immunoprecipitation were used as

negative controls. Unmodified IVT mRNA encoding a

portion of EGFPwas spiked in total RNA extract to assess

the specificity of the m6A immunoprecipitation reaction.

Data are mean ± SEM and are relative to n = 3 indepen-

dent experiments. p values are calculated using one-way

ANOVA and Dunnett’s multiple-comparisons test.

**p < 0.01 ***p < 0.001 and ****p < 0.0001.
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have been carried out to demonstrate the ability of SINEUPs to revert
pathological phenotypes in different relevant biological models of hu-
man diseases: (1) a medaka fish model of an haploinsufficient dis-
ease,15 (2) patients’ cells from a genetic human disease,14 and (3) a
mouse model of neurodegenerative disease.16

Despite all the knowledge accumulated so far on natural and synthetic
SINEUPs, the molecular mechanism of their translation-enhancing
activity remains unclear.

More than 100 post-transcriptional modifications (PTMs) have been
reported in RNAs.18 N6-methyladenosine (m6A) is themost common
modification found in mRNAs and ncRNAs. It is catalyzed post-tran-
scriptionally in the cell nucleus and can exert regulatory functions in
many cellular processes such as RNA splicing, stability, nuclear
export, and translation.19–26 High-throughput transcriptome-wide
approaches, often combined with antibody enrichment, have allowed
the identification of DRACH (where D = G, A, or U; R = G or A; and
H = C, A, or U), a consensus motif for m6A sites deposition.27,28

Although consensus sequences are quite common through the tran-
scriptome, only a few of them are actually methylated, with site and
transcript specificities that are still poorly understood.29 Several
m6A-related proteins have been identified, displaying roles as
“writers” (methyltransferases, mainly METTL3 and its adaptors),30,31

“erasers” (demethylases FTO and ALKBH5), and “readers”
(YTHDF1, YTHDF2, YTHDF3, and others).32 Despite growing inter-
est in understanding the function of m6A modification, most current
technologies to map modified residues still rely on long and complex
protocols. In this scenario, a major improvement is represented by
Nanopore direct RNA sequencing (DRS), which allows us to sequence
native full-length RNA molecules and retain information about RNA
modifications.33,34 To date, most studies investigate the role of m6A
modifications within mRNAs, but much less is known about their
function in lncRNAs35 with the interesting exceptions ofMALAT1,36

XIST,25 and chromatin-associated RNAs,37 including L1 TEs.26

m6A modification is an attractive candidate regulator of SINEUP
function, as its incorporation in the chemical synthesis of SINEUP
RNA molecules contributes to restore their activity,38 and it was re-
ported to regulate mRNA translation.6,9,10

In this study, we show that natural and synthetic SINEUP RNAs are
m6A modified and that a m6A-dependent step is required for their
ability to enhance translation of their target mRNAs.

RESULTS
Natural AS Uchl1 lncRNA and synthetic miniSINEUP RNAs are

m6A methylated

To investigate whether m6A plays a role in SINEUP activity, we first
studied the presence of modified residues in natural and synthetic
SINEUPs. As representative candidates, we analyzed the natural
mouse AS Uchl1 and the synthetic miniSINEUP-DJ-1 targeting
endogenous human DJ-1/Park7 in human cells.

We performed a methyl-RNA immunoprecipitation (m6A-RIP) in
untreated MN9D cells, showing that endogenous AS Uchl1 was
m6A-modified in physiological conditions (Figure 1A). Upon trans-
fection, an enrichment of overexpressed AS Uchl1 lncRNA was de-
tected in m6A antibody-immunoprecipitated RNA (Figure 1A), at
comparable level to the endogenous transcript and to Tlr3
mRNA, previously reported to be m6A modified.28 No significant
enrichment was detected for Ndel1 mRNA, previously reported as
non-modified,28 or IVT EGFP RNA spike-in, which were included
as negative controls. We also monitored the ability of AS Uchl1 to
increase endogenous UCHL1 protein levels post-transcriptionally,
as confirmed using western blot and qRT-PCR analysis
(Figures S1A and S1B).

To assess the presence of m6A modifications in synthetic miniSI-
NEUP-DJ-1 RNAs, an m6A-RIP was carried out on transfected
A549 cells (Figure 1B). qRT-PCR analysis showed significant enrich-
ment of miniSINEUP-DJ-1 RNA similar to SON mRNA, previously
shown to harbor multiple m6A CLIP peaks,39 and compared with
the negative control IVT EGFP RNA spike-in, proving that synthetic
miniSINEUP-DJ-1 RNAwas modified. To confirm that the modifica-
tion was not exclusive to A549 cells, we also performed m6A-RIP on
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Figure 2. METTL3 expression regulates synthetic

miniSINEUP activity

(A) m6A-RIP qPCR analysis. miniSINEUP-DJ-1 was

transfected in shCtrl and shMETTL3 A549 cells. CREBBP

and SON mRNA were used as endogenous positive

controls, while HPRT1 mRNA was used as a negative

control. Eluates from IgG immunoprecipitation were used

as negative controls. IVT EGFP mRNA was spiked in total

RNA extract to assess the specificity of the immunopre-

cipitation reaction. Data are mean ± SEM and are relative

to n = 3 independent experiments. p values are calculated

using two-way ANOVA and �Sidák’s multiple-compari-

sons test. *p < 0.05, **p < 0.01, and ***p < 0.001. (B)

Protein expression analysis. miniSINEUP-DJ-1 activity

was assessed using western blotting with anti-METTL3

and anti-DJ-1 antibodies in A549 shCtrl and shMETTL3

cells. DBD (miniSINEUP-DJ-1 deprived of BD) was used

as a negative control in each condition. One representa-

tive experiment is shown (left). SINEUP activity was

calculated as an increase in protein quantities relative to

the negative control (DBD) for each condition. First,

band intensity was normalized to the relative b-actin

band. Then, fold change values for miniSINEUP-DJ-1-

transfected samples were calculated normalizing on

negative control-transfected cells for each cell line

(dotted line) and reported in the reassuming graph

(right). Data indicate single replicate values and mean ±

SEM relative to n = 3 independent experiments. p

values are calculated using two-way ANOVA with
�Sidák’s multiple comparison. *p < 0.05 and **p < 0.01.
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transfected HEK293T, obtaining similar results (Figure S1C). The
ability of miniSINEUP-DJ-1 to increase endogenous DJ-1 protein
levels (�1.5-fold) with no changes in the target mRNA levels was
confirmed (Figures S1D and S1E).

These results show that m6Amethylation is a common feature of nat-
ural and synthetic SINEUP RNAs in mouse and human cells.

METTL3 expression regulates synthetic miniSINEUP activity

without altering RNA subcellular distribution

As METTL3 is the major cellular methyltransferase responsible for
m6A deposition, we carried out m6A-RIP experiments on
METTL3-depleted human cells transfected with miniSINEUP-DJ-1.
To this end, we used A549 cells stably transduced with shMETTL3
knockdown and shCtrl.40 To induce short hairpin RNA (shRNA)
expression, cells were treated with 2 ng/mL doxycycline and trans-
fected on day 7 of induction. A significantly lower enrichment of min-
iSINEUP RNA was observed upon shMETTL3 expression, confirm-
ing METTL3 enzyme as the m6A writer of miniSINEUP RNA
modification (Figure 2A). A comparable decrease of enrichment
was observed for CREBBP and SON mRNAs, previously reported to
be m6Amodified,39 while no change was observed for the endogenous
negative control HPRT mRNA and the exogenous IVT EGFP RNA
spike-in. Moreover, no significant enrichment was observed in DJ-1
mRNA levels in the eluates, proving its lack of m6A modifications
(Figure 2A).
404 Molecular Therapy: Nucleic Acids Vol. 32 June 2023
To study the functional consequences of METTL3-dependent m6A
modifications of SINEUP RNAs, we assayed synthetic miniSI-
NEUP-DJ-1 activity upon METTL3 knockdown. As expected, the
transfection of miniSINEUP-DJ-1 in shCtrl cells caused a �1.4-fold
increase in DJ-1 protein levels compared with cells transfected with
the Ctrl plasmid (miniSINEUP-DBD, i.e., miniSINEUP-DJ-1
deprived of BD sequence). However, in shMETTL3 cells, miniSI-
NEUP RNA expression led to a decrease of endogenous DJ-1 protein
of 50% compared with the levels upon transfection of Ctrl plasmid
(Figure 2B). No differences in endogenous DJ-1 levels were observed
between shCtrl and shMETTL3 cells. These results show a dominant-
negative effect of SINEUP RNA on endogenous DJ-1 protein levels
when METTL3 expression is strongly reduced.

ShMETTL3 and shCtrl cells were then transfected with control,
METTL3 wild-type (WT) or catalytically dead (CD) METTL3 ex-
pressing plasmids and, 24 h later, transfected again with miniSI-
NEUP-DJ-1 along with a control plasmid to prove that SINEUP
activity is dependent on a functional METTL3. Restoring physiolog-
ical METTL3 levels in shMETTL3 knockdown cells led to the rescue
of miniSINEUP activity (�1.5-fold increase of protein amounts
respect to endogenous physiological DJ-1 levels) while overexpression
of METTL3 in shCtrl cells left unaltered the effects of miniSINEUP-
DJ-1 RNA. Importantly, the overexpression of CD METTL3 enzyme
in shMETTL3 knockdown cells failed to restore SINEUP activity and
did not influence the dominant-negative effect of SINEUPs, with
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endogenous DJ-1 levels still�50% lower than in physiological condi-
tions. In shCtrl cells METTL3 overexpression did not influence min-
iSINEUP-DJ-1 activity, maintaining an expected �1.6-fold increase
of DJ-1 protein levels. Western blot analysis and qRT-PCR confirmed
efficient knockdown and overexpression of METTL3 WT and CD
mRNAs (Figure S2A, left). qRT-PCR also confirmed unaltered
expression of DJ-1 mRNA in both shCtrl and shMETTL3 A549 cells
(Figure S2A, center) and comparable transfection efficiency of
SINEUP plasmids (Figure S2A, right).

To assess changes in total levels of m6A methylation upon manipula-
tion of METTL3 expression, we then performed an RNA dot blot
(Figure S2B). The experiment confirmed downregulation of m6A
levels in poly-A+ enriched RNAs upon METTL3 knockdown induc-
tion, a relevant increase in shCtrl cells and a rescue in shMETTL3 cells
upon METTL3 WT enzyme overexpression. On the other hand, the
overexpression of CD METTL3 enzyme did not alter total m6A levels
compared with control and knockdown cells transfected with control
vector.

As m6A modification has been shown to influence subcellular RNA
localization,41 and SINEUP distribution is a key factor in the regula-
tion of target mRNA translation,6,9 we analyzed the nucleus/cyto-
plasm distribution of SINEUP RNA and DJ-1 target mRNA upon
METTL3 depletion to investigate whether the dominant-negative ef-
fect on endogenous DJ-1 levels was caused by altered subcellular
localization of SINEUP RNA and/or DJ-1 mRNA (Figure S2C). No
difference was observed in the subcellular distribution between shCtrl
and shMETTL3 A549 knockdown cells, with �20% of miniSINEUP-
DJ-1 RNA localized in the cell nucleus and�80% in the cytoplasm, as
previously reported for other synthetic SINEUP RNAs.6,9,10 No vari-
ation in DJ-1 mRNA subcellular distribution was observed (�40% in
the nucleus and �60% in the cytoplasm).

Taken together, these results show that METTL3 is the m6A writer
enzyme of miniSINEUP-DJ-1 RNA and that its downregulation
negatively affects SINEUP activity without altering its subcellular dis-
tribution. It is noteworthy that the upregulation of METTL3 enzy-
matic activity does not alter SINEUP effects, suggesting that the phys-
iological deposition levels of m6Amodification are sufficient to ensure
the appropriate functionality of SINEUPs.

Identification of SINEUP m6A methylation sites

We then applied m6A prediction score algorithm (SRAMP)42 to iden-
tify m6A DRACH consensus sites within natural mouse AS Uchl1 and
synthetic human miniSINEUP-DJ-1. The m6A consensus site con-
tains D = G, A, or U; R = G or A; and H = C, A, or U. Applying
SRAMP algorithm to AS Uchl1 sequence, nine putative consensus
sites with different degrees of confidence along the full-length
sequence were identified: two in the overlapping BD region, one adja-
cent to a partial Alu sequence, one in the invSINEB2 element (390,
corresponding to A46 in the ED of miniSINEUP-DJ-1), and five in
the downstream region.We thenmanually annotated three additional
weaker putative consensus sites within the invSINEB2 sequence: 407,
425, and 455 nt (Figures S3A and S3C). Limiting the analysis to the
invSINEB2 sequence of human miniSINEUP-DJ-1, only A46 was re-
ported as a potential site for m6A deposition (Figure S3B).42 Three
weaker putative consensus sites were then manually annotated in
A61, A81, and A111 (Figures S3B and S3C), corresponding to
A407, A425, and A455 in the full-length AS Uchl1 sequence
(Figures S3A and S3C).

Most of the common methods to map post-transcriptional modifica-
tions are currently based on RNA immunoprecipitation,28 chemoen-
zymatic substitution of the modified base,43,44 or detection through
specific reverse transcriptase (RT) enzyme efficiency alteration in cor-
respondence of m6A modification sites.45,46 All these methods suffer
from low sensitivity and specificity and are prone to artifacts intro-
duced by the indirect probing. On the other hand, modified nucleo-
tides can induce detectable signal deviations during the sequencing
of a nucleic acid molecule through organic nanopores, making it
possible to map DNA and RNA modifications with a resolution close
to the single nucleotide.33,34 In the effort to push the boundaries of
detection beyond m6A-RIP, and map m6A methylation sites on min-
iSINEUP RNA, we relied on Oxford Nanopore Technologies targeted
direct RNA sequencing.

First, we compared the sequencing electric signals of an unmodified
IVT miniSINEUP-DJ-1 RNA and of the same transfected molecule
after undergoing cellular modifications. Then, to isolate the m6A-
related differences, we compared the profiles in the presence and
absence of METTL3 expression, taking advantage of A549 cell lines
harboring inducible Ctrl andMETTL3 shRNA constructs (Figure 3A).
Thanks to this stringent experimental setup (see materials and
methods for an extensive description of its design and rationale),
we identified two high-confidence m6A modification sites within 5
nt distance from DRACH consensus in the invSINEB2 element:
A46, exactly falling within a DRACH consensus sequence, and
C108, slightly offset from the A111 site, residing in the next
DRACH consensus (Figures 3B and S3D).

To validate Nanopore sequencing results, we took advantage of a
reverse transcription m6A mapping assay.45 This technique is based
on the BstI reverse transcriptase enzyme, whose efficiency is markedly
reduced when used in combination with a primer adjacent to an m6A
residue. We confirmed the presence of a low but significant m6A
deposition signal at A46 and A111 sites in IVT miniSINEUP-DJ-1-
transfected shCtrl cells, while we did not detect any modified site in
IVT miniSINEUP-DJ-1 spiked-in RNA and in IVT miniSINEUP-
DJ-1 transfected in shMETTL3 A549 cells. To strengthen these
results, the same method was then used to map m6A sites in
plasmid-encoded miniSINEUP-DJ-1 in shCtrl and shMETTL3
A549 cells. Indeed, a stronger m6A signal was detected in shCtrl
plasmid-transfected cells (Figure 3D, black) compared with IVT-
transfected ones (Figure 3C, black), probably accounting for co-tran-
scriptional deposition of m6A modification. Conversely, in
shMETTL3 knockdown cells no m6A deposition signal was detected
upon plasmid-encoded miniSINEUP-DJ-1 transfection. TUG1
Molecular Therapy: Nucleic Acids Vol. 32 June 2023 405
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Figure 3. Identification of SINEUP lncRNAs m6A

methylation sites

(A) Nanopore direct RNA sequencing experimental design.

Targeted sequencing of IVT miniSINEUP-DJ-1 RNA

transfected in shCtrl and shMETTL3 A549 cells was

compared to detect m6A methylation sites. Total RNA with

0.1% unmodified IVT miniSINEUP-DJ-1 RNA spike-in was

used as a negative control. Differences in electrical signal

between transfected Ctrl versus IVT-spiked samples and

transfected Ctrl versus METTL3 knockdown cells were

assessed. Putative m6A sites were then extracted in a

stringent way by intersecting the statistically significant

positions identified by both comparisons and retaining

those contained within a DRACH motif. (B) Nanopore

direct RNA sequencing analysis results. Statistically

significant modified residues are highlighted along the

invSINEB2 sequence structure (legend on the right).

DRACH consensus sites are indicated within the

structure in gray (not significantly modified) and red

(significantly modified). Resulting hits derived from each

comparison (shCtrl versus shMETTL3 and spiked-in

versus transfected) and from final intersection are

reported in Figure S3D. Two modification sites were

identified within 5 nt distance from DRACH consensus:

A46, exactly falling within a DRACH consensus

sequence, and C108, likely accounting for A111 site that

resides in the next DRACH consensus. (C and E)

Validation of m6A sites with m6A-qRT-PCR. BstI reverse

transcriptase efficiency is reduced in the presence of

m6A-modified residues, while MRT enzyme efficiency is

not altered by the presence of modification. Reverse

transcription primers (+) were designed adjacent to each

putative m6A site, and primers (�) were designed in

regions with no m6A consensus site nearby. After real-

time qPCR of the product, BstI reverse transcription

efficiency is compared when using primers (+) and primer

(�), and the resulting ratio is then compared with the one

deriving from MRT enzyme reactions performed with the

same primers. The absence of methylated residue in a

putative m6A site results in a relative m6A value of 0.5

(dotted line). (C) m6A-qRT-PCR validation of Nanopore

sequencing results. The RT assay was performed on the

same samples using four reverse transcription primers

(A46, A63, A81, and A111) located adjacent to putative

m6A sites. A significant relative m6A signal was detected

in sites A46 and A111 in the only IVT miniSINEUP-DJ-1

transfected shCtrl cells (black). No significant signal of

m6A modification was detected in IVT miniSINEUP-DJ-1 spiked-in total RNA extract (gray) or transfected in shMETTL3 cells (purple). Data are mean ± SEM and are

relative to n = 3 independent experiments. p values are calculated using one-sample t and Wilcoxon tests; *p < 0.05. (D) m6A-qRT-PCR on endogenously transcribed

miniSINEUP-DJ-1 RNA. Plasmid-encoded miniSINEUP-DJ-1 RNA was transfected in shCtrl and shMETTL3 cells, total RNA was extracted and used for reverse

transcription with four primers (A46, A63, A81, and A111) located adjacent to putative m6A sites. A significant relative m6A signal was detected in miniSINEUP-DJ-1

transfected shCtrl cells in A46 and A111 sites, while no relevant relative m6A signal was detected in miniSINEUP-DJ-1 transfected shMETTL3 cells. TUG1 and HPRT

mRNAs were used as positive and negative controls, respectively. Data are mean ± SEM and are relative to n = 3 independent experiments. p values are calculated

using two-way ANOVA with �Sidák’s multiple comparison. *p < 0.05 and **p < 0.01. (E) m6A-qRT-PCR on endogenously transcribed mouse natural AS Uchl1 lncRNA.

Plasmid-encoded AS Uchl1 was transfected in MN9D cells, total RNA was extracted and used for reverse transcription with ten primers adjacent to putative m6A sites.

A significant relative m6A signal was detected in A275, A390 (i.e., A46 of invSINEB2) and A455 (i.e., A111 of invSINEB2). Data are mean ± SEM and are relative to n =

5 independent experiments. p values are calculated using one-sample t and Wilcoxon test; *p < 0.05 and **p < 0.01.
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mRNA was used as a positive control, showing comparable m6A
signal to miniSINEUP-DJ-1 in shCtrl cells and its significant reduc-
tion in shMETTL3 knockdown cells. Successful knockdown was as-
406 Molecular Therapy: Nucleic Acids Vol. 32 June 2023
sessed by qRT-PCR analysis of METTL3 mRNA levels (Figures S3E
and S3F). The same method was then applied to AS Uchl1 RNA
upon transfection into MN9D cells (Figure 3E). A strong m6A
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Figure 4. m6A methylation sites regulate miniSINEUP activity

miniSINEUP-DJ-1 mutants were designed to analyze the effect of m6A sites’ loss on

SINEUP activity. miniSINEUP-DJ-1 WT and its mutants A46U, AAA109-111UUU,

and A46U; AAA109-111UUU were transfected in A549 cells. Presence of m6A sites

in each construct is reported on the x axis. DBD (miniSINEUP-DJ-1 deprived of BD)

was used as a negative control. (A) m6A-RIP qPCR analysis. A549 cells were

transfected with miniSINEUP-DJ-1 WT and A46U, AAA109-111UUU, A46U;

AAA109-111UUU mutants. Eluates from IgG immunoprecipitation were used as

negative controls. IVT EGFP mRNA was spiked in total RNA extract to assess the

specificity of the immunoprecipitation reaction. Data are mean ± SEM and are

relative to n = 3 independent experiments. p values are calculated using two-way

ANOVA and Dunnett’s multiple-comparisons test. ****p < 0.0001. (B) Protein

expression analysis. miniSINEUP-DJ-1 mutants’ activity was assessed using

western blotting with anti-DJ-1 antibodies A549 cells. DBD was used as a negative

control. One representative experiment is shown (left). SINEUP activity was calcu-

lated as an increase in protein quantities relative to the negative control (DBD). First,

band intensity was normalized to the relative b-actin band. Then, fold change values

were calculated normalizing on negative control-transfected cells (dotted line). On

the right, data indicate single replicate values and mean ± SEM and are relative to

n = 4 independent experiments. p values are calculated using unpaired t test with

Mann-Whitney correction. *p < 0.05, **p < 0.01
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deposition signal was detected in sites A275, A390, and A455. Inter-
estingly, A390 and 455 sites correspond to A46 and A111 nucleotides
in the invSINEB2 sequence, confirming that their modification
pattern is conserved in natural and synthetic SINEUPs (Figures 3
and S3).

m6A methylation sites regulate miniSINEUP activity

To gain more detailed insights into the role of m6A modification in
SINEUP activity, we mutated the identified m6A sites in the invSI-
NEB2 element of synthetic miniSINEUP-DJ-1. Since we previously
reported that there is a strong correlation between the structure
and the activity of the invSINEB2 sequence,11,47 we engineered a
point mutation of A46 m6A site, by substitution of the A with a U,
in the effort to perturb RNA secondary structure as little as possible.
In the case of A111 m6A site, we had to perform a 3 nt mutation to
avoid the possible formation of any cryptic consensus sites, substitut-
ing AAA109-111 with UUU sequence.

Them6Amodification levels ofminiSINEUP-DJ-1WT and itsmutants
A46U, AAA109-111UUU, and A46U; AAA109-111UUU transfected
inA549 cells were assessed usingm6A-RIP while simultaneouslymoni-
toring DJ-1 protein expression using western blot. A statistically signif-
icant reduction of enrichment by m6A antibody was detected for all
mutants, indicating successful elimination of m6A modification sites
(Figure 4A). Interestingly, transfection of single m6A sites mutants
(A46 and AAA109-111UUU) failed to show any increase in endoge-
nous DJ-1 protein levels. Importantly, when both m6A sites were killed
in miniSINEUP-DJ-1 A46U; AAA109-111UUU, a decrease in endog-
enous DJ-1 protein levels of about 50% compared with control trans-
fections, was observed (Figure 4B). These results are comparable
with miniSINEUP-DJ-1 WT activity in shMETTL3 knockdown cells
and upon their co-transfections with control andMETTL3 CD overex-
pression (Figure 2B). Dominant-negative effects on endogenous DJ-1
protein levels were therefore observed when unmethylated SINEUP
RNA is expressed, both in the absence of METTL3 activity and when
lacking sites for m6A deposition.

DJ-1 mRNA and miniSINEUP-DJ-1s RNA expression were
analyzed using qRT-PCR to confirm that miniSINEUP activity oc-
curs exclusively at the post-transcriptional level and to reveal unal-
tered expression of m6A site mutants (Figure S4A). As in the case of
loss of METTL3 expression, the reduction of activity of miniSI-
NEUP-DJ-1 A46; AAA109-111UUU was not due to altered subcel-
lular distribution of DJ-1 target mRNA and miniSINEUP-DJ-1
RNA, as shown by qRT-PCR analysis of nuclear and cytosolic
RNAs (Figure S4B).

In summary, the requirement of m6A methylation for miniSINEUP-
DJ-1 activity was proved by two complementary experimental strate-
gies: depletion of the methyltransferase enzyme activity responsible
for their deposition and mutation of plasmid-encoded SINEUP
RNA in the mapped modified sites.

The translation-enhancing activity of SINEUP RNA is impaired

upon loss of m6A modification

Natural and synthetic SINEUPs increase the association of their sense
target mRNAs to polysomes, enhancing protein synthesis.6,9 We
therefore applied polysome fractionation analysis to investigate the
molecular mechanism causing the reduction of endogenous DJ-1 pro-
tein expression upon transfection of unmethylated miniSINEUP-DJ-
1, caused by METTL3 depletion or synthetic mutations. To this end,
targetDJ-1mRNA andminiSINEUP RNA distribution were analyzed
taking advantage of spiked-in IVT EGFP RNA as a normalizing factor
and of GAPDH mRNA as a reference.

Polysome fractionation was first carried out on untransfected A549
shCtrl and shMETTL3 cells using a 15%–50% sucrose gradient
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Figure 5. miniSINEUP-DJ-1 translation-enhancing

activity is impaired upon loss of m6A modification

(A–C) Polysome fractionation analysis. Cell extracts from

shCtrl cells transfected with DBD, miniSINEUP-DJ-1 WT

or A46U; AAA109-111UUU and shMETTL3 cells

transfected with DBD and miniSINEUP-DJ-1 WT were

prepared and resolved on a 15%–50% sucrose gradient.

The absorbance at 260 nm was continuously measured.

(A) A representative ribosome profile is reported. The

peaks corresponding to free RNA, 40S/60S subunits,

80S and polysomes are indicated. (B) SINEUP RNA and

DJ-1 mRNA distribution in shCtrl and shMETTL3 cells

transfected with miniSINEUP-DJ-1 WT or negative

control (DBD). Data are mean ± SEM and are relative to

n = 3 independent experiments. p values are calculated

using two-way ANOVA and multiple-comparisons test

relative to the negative control (DBD, shCtrl cells).

*p < 0.05, **p < 0.01, and ****p < 0.0001; in black are

relative to miniSINEUP-DJ-1 WT in shCtrl cells, in purple

are relative to miniSINEUP-DJ-1 WT in shMETTL3 cells.

(C) SINEUP RNA and DJ-1 mRNA distribution in shCtrl

cells transfected with miniSINEUP-DJ-1 WT, A46U;

AAA109-111UUU or negative control (DBD). Data are

mean ± SEM and are relative to n = 3 independent

experiments. p values are calculated using two-way

ANOVA and multiple-comparisons test relative to the

negative control (DBD). *p < 0.05, **p < 0.01, and

****p < 0.0001; in black are relative to miniSINEUP-DJ-1

WT in shCtrl cells, in light blue are relative to

miniSINEUP-DJ-1 AAA109-111UUU.
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separated into 26 fractions. In these experiments, the association of
DJ-1 and GAPDH mRNAs to polysomes were independent from
METTL3 expression (Figure S5D–S5E).

Experiments were then carried out on A549 shCtrl and shMETTL3
cells transfected with miniSINEUP-DJ-1 WT and miniSINEUP-
DBD (as a negative control) as well as on A549 shCtrl cells transfected
with miniSINEUP-DJ-1 WT, miniSINEUP-DBD (as a negative con-
trol) and miniSINEUP-DJ-1 A46U; AAA109-111UUU double
mutant (Figure 5). Fractions were pulled two by two and analyzed
for the presence of DJ-1 mRNA and SINEUP RNA.
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First, SINEUP RNA was enriched in fractions
containing 40S and 60S ribosomal subunits
and absent in polysome-associated ones
(Figures 5B and 5C), in line with previous
studies.9 The analysis of all fractions proved
that this distribution was maintained in absence
of SINEUP BD and upon loss of METTL3
expression, showing that miniSINEUP RNA
co-sediments with ribosomal subunits through
the invSINEB2 sequence and that this pattern
is independent of m6A modification. Upon min-
iSINEUP-DJ-1 WT transfection in A549 shCtrl
cells, a statistically significant increase of DJ-1
mRNA association to polysomes was observed
from �17% to �25%, as expected for SINEUP activity (Figures 5B
and 5C). This increase underlies the induction of endogenous DJ-1
protein expression as evidenced on western blot analysis (Figure S5A).
Upon miniSINEUP-DJ-1 WT transfection in A549 shMETTL3 cells,
a marked shift ofDJ-1mRNA distribution toward non-actively trans-
lating ribosomal fractions and free RNA was observed (Figure 5B). In
miniSINEUP-DJ-1 transfected cells, �6% of DJ-1mRNA was associ-
ated with 40S/60S ribosomal subunit-containing fractions in shCtrl
cells, while this percentage was increased to �13% upon shMETTL3
expression. Furthermore, DJ-1mRNA accumulated in free RNA-con-
taining fractions of shMETTL3 transfected cells in a statistically
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significant manner (15%). A concordant decrease in the amount of
DJ-1 mRNA association with polysomes (from 25% to 13%) was
observed.

When miniSINEUP-DJ-1 A46U; AAA109-111UUU was transfected
in shCtrl cells, a statistically significant accumulation of endogenous
DJ-1 mRNA in non-actively translating ribosomal fractions (from
�4% to �10%) was observed. This occurred concomitantly with a
strong decrease of DJ-1 mRNA association to polysomes (from 25%
to 15%) (Figure 3C). These results phenocopied the effects of
METTL3 knockdown on endogenous DJ-1 mRNA distribution in
the presence of miniSINEUP RNA. Importantly, no changes in
DJ-1 mRNA and SINEUP RNA expression were observed in total
RNA analysis (Figure S5B).

Altogether, these results show that SINEUP RNA is enriched in su-
crose gradient fractions containing 40S/60S ribosomal subunits com-
plexes by the activity of the embedded invSINEB2 sequence and in an
m6A-independent manner. However, an m6A-dependent step is
required for SINEUP activity to enhance translation. Lack of m6A
methylation inhibits the ability of SINEUP RNA to increase the asso-
ciation of its target mRNA to polysomes. Most important, unmethy-
lated SINEUP RNA relegates its target mRNA to non-actively trans-
lating ribosomal fractions, depleting its association to polysomes, and
therefore decreasing endogenous expression of the encoded protein
acting as dominant-negative.

DISCUSSION
SINEUP technology presents three major advantages as a new class of
therapeutics: (1) it induces a 1.5- to 3-fold upregulation of the target
protein, thus limiting side effects due to exaggerated overexpression
(this is important when the overexpression of the protein of interest
is toxic as in the case of those with pro-oncogenic properties or recip-
rocal copy number variation [CNVs]); (2) it acts on endogenous
mRNAs, restricting translation enhancement to the time and space
of endogenous gene expression avoiding ectopic protein synthesis
in cells that normally do not present it and the need for cell type-spe-
cific promoters; and (3) it is scalable, in principle targeting any single
mRNA isoform. Furthermore, it can induce the expression of large
endogenous proteins, overcoming constrains in cDNA delivery of
constructs not easily packaged into adeno-associated viral (AAV)
particles because of their excessive size. SINEUPs can be the drug
of choice for genetic diseases involving the loss of a single allele (hap-
loinsufficiency and copy number variations) and in complex diseases
to restore the activity of compensatory pathways. However, to
streamline these applications to the clinics, a better understanding
of the mechanism of action is needed.

Here we provide original evidence significantly advancing our under-
standing of the molecular mechanism of SINEUP activity. First, we
show that SINEUP RNA is enriched in sucrose gradient fractions con-
taining 40S/60S ribosomal subunits complexes, while it is remarkably
absent in polysomes fractions. We also prove that this pattern de-
pends on the presence of the invSINEB2 sequence, while the antisense
BD is dispensable. Most important, we show that m6Amodification is
required for SINEUP activity.

So far, m6A modification has been shown to promote translation
through a few different mechanisms: (1) METTL3 could exert a direct
translation activation,48 remaining anchored to the methylated tran-
script after its export to the cytoplasm; (2) the reader protein
YTHDF1 could bind eIF3, which in turn could recruit the 40S ribo-
some subunit onto the mRNAs, enhancing their translation49; and
(3) an m6A-containing 50 UTR could bind directly to eIF350 in an
mRNA cap-binding protein-independent fashion. 50 UTR m6A-
dependent translation initiation seems to be especially important un-
der selective stress conditions, such as heat shock.50 In the case of pro-
tein-coding circular RNAs (circRNAs), m6A modifications may play
a relevant role in their biogenesis and cap-independent translation.51

In this study, we show that natural and synthetic SINEUPs are m6A
modified and that METTL3 is the enzyme responsible for m6A
deposition. Importantly, we show that in absence of m6A methyl-
ation, unmodified SINEUP RNA exerts a dominant-negative activity
on its target mRNA, reducing the endogenous protein levels to
about 50%, compared with controls. Unmodified SINEUP RNAs
can be obtained with two different experimental strategies: (1)
reducing METTL3 activity, through its knockdown or with overex-
pression of catalytically dead METTL3 enzyme in METTL3 knock-
down cells, and (2) mutating the two DRACH consensus sites for
m6A deposition in SINEUP RNA. Lack of m6A modification in
both experimental systems neither influenced subcellular localiza-
tion of SINEUP RNA nor its enrichment in 40S/60S ribosomal sub-
unit-containing fractions. However, a striking effect was observed
on the quantity of endogenous DJ-1 protein and on DJ-1 mRNA
distribution upon polysome fractionation. When m6A modification
was removed, endogenous DJ-1 protein levels were decreased to half
of those in physiological conditions. Furthermore, DJ-1 mRNA’s as-
sociation with polysomes strongly decreased while enriching in the
40S/60S ribosomal subunit-containing fractions or in free RNAs.
The depletion of DJ-1 mRNA from active polysomes can account
for the decrease of endogenous DJ-1 protein expression and there-
fore for the dominant-negative effect of unmodified miniSINEUP-
DJ-1.

Building on these results, we can then speculate on the molecular
mechanism of SINEUP activity. First, SINEUP RNA may associate
to the 40S ribosomal subunit complex in anm6A-independent and in-
vSINEB2-dependent mechanism. Then, an m6A-dependent step is
required for the association of the target mRNA to polysomes. These
observations are particularly intriguing given the experimental evi-
dence that SINEUP RNA does not remain associated with polysomes.
It is therefore tempting to hypothesize that m6A modifications may
recruit an m6A reader that is essential for SINEUP activity. Its activity
may be required to release target mRNAs from SINEUP binding and
to trigger mRNA association to polysomes for translation. Future
work will identify which of many candidate m6A readers are involved
in SINEUP activity.
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In conclusion, in this study we provide evidence that SINEUP activity
depends on the combination of two RNA domains and on a specific
pattern of m6A modification, exerting their functions during transla-
tion. This is important for the hypothesis that such antisense
lncRNAs represent a specific functional class of natural and synthetic
regulatory RNAs with their own peculiar mechanism of action. A bet-
ter understanding of their molecular mechanism is also instrumental
for their safe use as therapeutic RNAs to confront a plethora of unmet
medical needs.17

MATERIALS AND METHODS
Constructs

miniSINEUP-DJ-1 plasmid was generated on the basis of SINEUP-
DJ-1 and miniSINEUP-GDNF, as previously shown.8,16 AS Uchl1-ex-
pressing plasmid was previously described by Carrieri et al.6 m6A sites
miniSINEUP-DJ-1 mutants were all synthesized by commercial prep-
aration service (GeneScript).

As RNA secondary structure is strictly dependent on the sequence,
every mutation can potentially lead to structural alterations. We
therefore put our best effort into the design of miniSINEUP-DJ-1
m6A site mutants minimizing structural alterations. Taking advan-
tage of RNAfold WebServer,52 we predicted the secondary structures
of miniSINEUP-DJ-1 variants, selecting A46U and AAA109-
111UUU as the most conservative mutations. Overexpression plas-
mids METTL3 WT and catalytically dead (carrying the D394A and
W397A substitutions), used for rescue experiments, were obtained
from Barbieri et al.40

Cell lines

MN9D cells were obtained from M. J. Zigmond and maintained in
culture with high-glucose Dulbecco’s modified Eagle’s medium
(catalog #41965069; Thermo Fisher Scientific) supplemented with
10% fetal bovine serum (catalog #10270106; Thermo Fisher
Scientific) and 1% antibiotics (penicillin/streptomycin; catalog
#15140122; Thermo Fisher Scientific). HEK293T cells were ob-
tained from American Type Culture Collection (ATCC) (catalog
#ATCC-CRL-11268 164 293T/17; HTB-96) and maintained in cul-
ture with Dulbecco’s modified Eagle’s medium (catalog #41965069;
Thermo Fisher Scientific) supplemented with 10% fetal bovine
serum (catalog #10270106; Thermo Fisher Scientific) and 1% anti-
biotics (penicillin/streptomycin, catalog #15140122; Thermo Fisher
Scientific).

ShCtrl and shMETTL3 stably transduced A549 cells were generated
as described by Barbieri et al.40 using the same PLKO-TETon-Puro
lentiviral vectors and maintained in culture with high-glucose
DMEM (catalog #41965069; Thermo Fisher Scientific), supplemented
with 10% fetal bovine serum (catalog #10270106; Thermo Fisher Sci-
entific) and 1% antibiotics (penicillin/streptomycin; catalog
#15140122; Thermo Fisher Scientific). To induce shRNA expression,
cells were treated with 2 ng/mL doxycycline (catalog #D9891; Sigma-
Aldrich) every other day and transfected on day 7 of induction in all
experiments.
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Transfections

MN9D, A549, and HEK293T cells were plated in 6-well plates, 10mm
dishes (subcellular fractionation), or 150 mm dishes (m6A-RIP and
polysome fractionation experiments) and transfected respectively
with 1 or 16 mg of control or miniSINEUP encoding plasmids using
Lipofectamine 2000 (catalog #11668019; Thermo Fisher Scientific)
and following the manufacturer’s instructions. Cells were harvested
48 h after transfections. For miniSINEUP activity experiments,
RNA and proteins were obtained from the same transfection in
each biological replicate. For METTL3 rescue experiment (Figure 2),
two transfections were carried out one after the other in the same
experiment: Ctrl (empty), METTL3 WT, and METTL3 CD plasmids
were transfected after 7 days of shMETTL3 induction by administra-
tion of doxycycline, followed by transfection of SINEUP-expressing
plasmids after additional 24 h. This experimental strategy allowed
the restoration of optimal enzyme levels prior to SINEUP synthesis.
Cells were harvested on day 10 of induction as previously described
for miniSINEUP activity experiments and processed for WB, RNA,
and dot-blot analysis.
Western blot

Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer
with the addition of protease inhibitor cocktail (catalog #P83490;
Sigma-Aldrich), briefly sonicated, and boiled with 1X Laemmli buffer
for 5 min at 95�C. 5 mg of total lysate were resolved by 10% SDS-
PAGE TGX pre-cast gels (Bio-Rad) and transferred to nitrocellulose
membrane using Trans-Blot Turbo Transfer System (Bio-Rad).
Membranes were blocked with 5% non-fat dry milk in TBS/0.1%
Tween 20 and incubated with the following primary antibodies:
anti-b-actin-HRP 1:10,000 (catalog #A3854; Sigma-Aldrich), anti-
UCHL1 1:1,000 (catalog #3524S; Cell Signaling Technology), anti-
DJ-1 1:8,000 (catalog #ADI-KAM-SA100-E; Enzo Lifesciences). Pro-
teins of interest were visualized with the SuperSignal West Pico PLUS
Chemiluminescent Substrate (catalog #34579; Thermo Fisher Scienti-
fic). Western blotting images were acquired with ChemiDoc MP
Imaging System (Bio-Rad), and band intensity was calculated using
ImageJ software.
RNA isolation, reverse transcription, and qRT-PCR real-time

analysis

RNA extraction was performed with QIAzol reagent (catalog #79306;
Qiagen) or RNeasy Mini Kit (catalog #74106; Qiagen) with DNase I
treatment to remove DNA contamination (catalog #79256; Qiagen).
Up to 1 mg of RNA was retrotranscribed with iScript cDNA synthesis
kit (Bio-Rad, catalog #1708891) following manufacturer’s protocol.

qRT-PCR was carried out using SYBR green fluorescent dye (iTaq
Universal SYBR Green Super Mix; catalog #1725124; Bio-Rad) and
an iCycler IQ Real-Time PCR System (Bio-Rad). Human or mouse
GAPDH mRNAs were used as normalizing control in all qRT-PCR
experiments. The amplified transcripts were quantified using the
comparative Ct method and the differences in gene expression are
presented as normalized fold expression using the DDCt method.
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The complete list of oligonucleotides used for quantitative real-time
PCR experiments is included in Table S1.

m6A dot blot

Asm6A is abundant on ribosomal RNA and its deposition derives from
the activity of writer enzymes other than METTL3,53 we performed
poly-A enrichment before dot blotting to allow the specific detection
of METTL3-dependent m6A modification levels. Poly-A enrichment
was performed according to NEB “Isolation of mRNA from Mamma-
lian Cells” protocol (https://international.neb.com/protocols/2019/11/
18/isolation-of-mrna-from-mammalian-cells) with somemodification.
Briefly, total RNA was extracted as described under RNA isolation,
reverse transcription, and qRT-PCR real-time analysis in materials
and methods. Fifty micrograms of total RNA extract was then used
to selectively purify RNA molecules longer than 200 nt using the
RNA Clean & Concentrator-25 kit (catalog #R1018; Zymo Research).
Ten micrograms of total RNA >200 nt was then used as input for
poly-A enrichment through two rounds of oligo-dT magnetic beads
purification (catalog #S1419S; NEB). mRNA was then further cleaned
and concentrated using the RNA Clean & Concentrate-5 kit (catalog
#R1016; Zymo Research). The quality and concentration of obtained
samples were determined using the Agilent 2100 Bioanalyzer. Fifteen
and 7.5 ng of poly-A+ RNA was then used for each condition for dot
blotting. Briefly, RNA was incubated at 70�C for 30 and kept on ice
to denature secondary structures before spotting on Amersham Hy-
bond-N+ membrane (catalog #RPN203B; VWR). The membrane
was left to dry and RNA was UV crosslinked to the membrane at
254 nm and 120 mJ/cm2. Blocking was performed by incubating the
membrane in Denhart solution (1% Ficoll type 400, 1% polyvinylpyr-
rolidone, and 1% bovine serum albumin) for 1 h at room temperature
(RT). m6A Ab (catalog #202111; SySy) was then incubated O/N at
1:1,000 dilution at 4�C. After incubation with appropriate secondary
antibody, the membrane was visualized with the SuperSignal West
Pico PLUS Chemiluminescent Substrate (catalog #34579; Thermo
Fisher Scientific). Images were acquired with ChemiDoc MP Imaging
System (Bio-Rad).

Methyl-RNA immunoprecipitation

m6A-RIP was performed as previously described with somemodifica-
tions.27 Briefly, cells were harvested 48 h post-transfection, and total
RNA was extracted with QIAzol reagent or RNeasy Mini Kit, and
DNA contamination was removed by treatment with DNaseI
following the manufacturer’s instructions. One hundred micrograms
total RNA extract, diluted with immunoprecipitation (IP) buffer
(10 mMTris-HCl [pH 7.4], 150 mMNaCl, 0.1%NP-40, RNase inhib-
itor supplemented) was then incubated with 10 mg m6A Ab (catalog
#202111; SySy) antibody for 4 h at 4�C on a rotating wheel. The
mixture was then immunoprecipitated with 50 mL G-coupled Dyna-
beads (catalog #10003D; Thermo Fisher Scientific) at 4�C for addi-
tional 3 h on a rotating wheel. Beads were washed 5 times for 50 at
RT on a rotating wheel with IP buffer and resuspended in QIAzol re-
agent for elution. RNA was extracted, concentrated using the RNA
Clean & Concentrate-5 kit (catalog #R1016; Zymo Research) accord-
ing to the manufacturer’s protocol and analyzed using qRT-PCR in
real-time. Normal mouse IgG antibody (catalog #2025; Santa Cruz),
IVT EGFP mRNA fragment and beads-only samples were used as
negative controls.

In vitro transcription

For the production of unmodified miniSINEUP-DJ-1 RNA, synthetic
double stranded DNA miniSINEUP template was cloned down-
stream a T7 promoter. 1.4 mg linearized DNA template was used to
transcribe miniSINEUP-DJ-1 RNAs with MEGAscript T7 Transcrip-
tion Kit (catalog #AM1333; Thermo Fisher Scientific) following man-
ufacturer’s protocol. In the same way, IVT EGFP RNA was produced.
In vitro transcription products were DNAseI-treated, and on-column
purified with RNeasy Mini Kit as previously described under RNA
isolation, reverse transcription, and qRT-PCR real-time analysis in
materials and methods.

Nanopore targeted direct RNA sequencing

RNA sequencing was performed following Oxford Nanopore
Technologies (Oxford, UK) instructions, on FLO-MIN106D flow
cells (R9.4.1 chemistry) and using direct-RNA sequencing kit
(SQK-RNA002). For library preparation, 2 mg total RNA from each
replicate were used with custom reverse transcription adapters com-
plementary to the 30 end of miniSINEUP-DJ-1 RNA following ONT
sequence specific DRS protocol. (DSS_9081_v2_revM_14Aug2019).
Total RNA with 0.1% unmodified IVT miniSINEUP-DJ-1 RNA
spike-in was used as negative control. The amount of IVT spiked-
in RNA to be added was determined by comparison with expression
levels of transfected miniSINEUP-DJ-1 through qRT-PCR in order to
maintain the amount of reads within the same range for each sample
and replicate.

Nanopore DRS experimental rationale and data analysis

The detection of RNAmodifications via ONT direct RNA sequencing
is still in its early days, and the most common strategies to identify
chemical marks are based on the comparison of either the raw signals
or the error rates between biologically distinct groups of reads. This
approach may suffer from a number of unrelated confounding factors
including nucleotide mismatches, RNA structural features, difficult to
base-call kmers, strand damages, and sugar puckering, possibly re-
sulting in potential artifacts. In order to collect highly reliable m6A in-
formation at the expense of other, lesser known modifications, we
devised a conservative strategy on the basis of the collection of mul-
tiple lines of evidence.

We first compared the differences in electrical signal between
transfected versus IVT-spiked samples to extract all the differential
signals possibly due to RNA post-transcriptional modifications.
Then, we analyzed the profiles of SINEUP RNAs transfected in
WT versus METTL3 knockdown cells, in order to focus
on METTL3-dependent signals, representing bona fide m6A
modifications.

Sites were then extracted in a stringent way by intersecting the statis-
tically significant positions (p < 0.05) identified by both comparisons.
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As a final layer of specificity, we retained those contained within a
DRACH motif (see also Figures 5B and S3D), a known consensus
for METTL3-dependent m6A modifications.

Statistically significant electrical differences between kmer groups
were identified using the xPore pipeline.54 Briefly, fast5 files were
base-called using Guppy 4.4.1 (Oxford Nanopore Technologies),
then reads were aligned to SINEUP reference sequence using
minimap2.55 Kmer-level data were obtained by resquiggling using
the nanopolish eventalign command56 and processed with the
xPore python utilities using default settings. RNA structures
showing superimposed significance values were plotted using
R2R software.57

Raw sequencing data have been deposited in the European Nucleotide
Archive (ENA) database with accession code PRJEB55645.

Reverse transcription m6A mapping assay

This technique is based on the BstI reverse transcriptase enzyme,
whose efficiency was reported to be markedly reduced when used
in combination with a primer adjacent to an m6A residue, in contrast
with M-MuLV RT (MRT), whose efficiency is not affected by the
proximity of m6A residues and was previously described by
Castellanos-Rubio et al.45 We performed the BstI RT followed by
qPCR of the product with reverse transcription primers located adja-
cent to putative m6A sites (primer [+]), and one primer with no m6A
consensus site nearby (primer [�]). In parallel, we did the same reac-
tion with theMRT enzyme instead of BstI. After qPCR of the product,
we compared BstI reverse transcription efficiency when using primers
(+) to the one of primer (�) and we then compared the resulting ratio
to the one deriving fromMRT enzyme reactions. We then applied the
following formula to calculate relative m6A level with qRT-PCR, as
previously reported:
Relative m6A = 2�[Ctprimer(�)BstI�Ctprimer(�)MRT/Ctprimer(+)

BstI�Ctprimer(+)MRT].

Total RNA was extracted from cells and treated with DNaseI as
described under RNA isolation, reverse transcription, and qRT-
PCR real-time analysis in materials and methods. Reactions were per-
formed as previously reported by Castellanos-Rubio et al.45 Briefly,
100 ng RNA, 100 nM of each primer, 50 mM dNTPs, and 0.1 U of
BstI (NEB) or 0.8 UMRT were used for each reaction. One microliter
of the RT reaction was then amplified with qRT-PCR as described un-
der RNA isolation, reverse transcription, and qRT-PCR real-time
analysis in materials and methods. The complete list of oligonucleo-
tides used for reverse transcription m6A mapping experiments is
included in Table S1.

Subcellular fractionation

For subcellular fractionation experiments, cells were transfected as
described under transfections in materials and methods. Nucleo-
cytoplasmic fractionation was performed as previously described by
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Mayer and Churchman.58 Nuclear and cytoplasmic RNAs were ex-
tracted using the RNeasy Mini Kit (catalog #74106; Qiagen) with
DNase I treatment to remove DNA contamination. The purity of nu-
clear and cytoplasmic fractions was confirmed by qRT-PCR as on
pre-ribosomal RNA 45S and GAPDH mRNA respectively. qRT-
PCRs were performed as described under RNA isolation, reverse tran-
scription, and qRT-PCR real-time analysis in materials and methods.

Polysome fractionation

Polysome fractionation was performed as previously described by
Panda et al.59 Briefly, A549 shCtrl and shMETTL3 were plated in
15 cm plates and transfected as previously reported after 7 days of
doxycycline induction with control, miniSINEUP-DJ-1 WT or min-
iSINEUP-DJ-1 A46U; AAA109-111UUU vectors. Forty-eight hours
after transfection, cells were incubated with 0.1 mg/mL cycloheximide
(CHX; catalog #01810-5G; Sigma-Aldrich) for 10 min at 37�C. Cells
were then washed with 0.1 mg/mL CHX-supplemented PBS and har-
vested by scraping. Collected cells were centrifuged at 400 x g for
5 min at 4�C. Cell pellets were resuspended in 400 mL ice-cold lysis
buffer (20 mM Tris-HCl [pH 7.5], 100 mM KCl, 5 mM MgCl2,
0.5% Nonidet P-40) supplemented with 0.1 mg/mL CHX and RNase
inhibitors. The cell lysate was incubated for 15 min on ice followed by
centrifugation at 16,000 � g at 4�C for 10 min to separate the nuclei.
The cytoplasmic lysate was layered onto a 15%–50% sucrose gradient
and centrifuged in an SW41Ti Beckman rotor at 41,000� g at 4�C for
90 min. The sucrose gradient was separated into 26 fractions calcu-
lated by Triax flow cell (Biocomp). Four hundred microliters of
each fraction was then extracted by sodium acetate overnight precip-
itation. Briefly, 170 mL 3M sodium acetate (pH 5.3) was added to each
fraction together with 1mL of 100% EtOH, 3 mLGlycoblue co-precip-
itant (catalog #AM9515; Thermo Fisher Scientific) and 300 ng IVT
EGFP spike-in, used for qRT-PCR real-time normalization of target
RNA expression levels. The solution was incubated overnight at
�20�C for precipitation. The following day, samples were centrifuged
at 13,000� g at 4�C for 30 min. Pellets were pulled two by two at this
point, washing with 1 mL 100% EtOH. Samples were then centrifuged
13,000 � g at 4�C for 15 min and EtOH was removed. Pellets were
then resuspended in H2O with subsequent cleanup using the RNeasy
Mini Kit (catalog #74106; Qiagen) and DNase I treatment to remove
DNA contamination. As a control, GAPDHmRNA analysis was per-
formed, according to previous publications. IVT EGFP RNA spiked-
in was used to normalize for RNA precipitation efficiency. qRT-PCRs
were performed as previously described.

Statistical analysis

All data are expressed as mean ± SEM on n R 3 replicas. Statistical
analysis was performed using GraphPad Prism software. Statistically
significant differences were assessed using one-sample t and Wil-
coxon tests, one-way ANOVA, or two-way ANOVA, as specified in
the figure legend for each experiment.
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