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Method

A versatile type VI CRISPR-based approach
for targeted m®A demethylation in mMRNAs

Panagiotis G. Adamopoulos,’ Konstantina Athanasopoulou,’ and Andreas Scorilas
Department of Biochemistry and Molecular Biology, Faculty of Biology, National and Kapodistrian University of Athens,

Athens 15771, Greece

Epitranscriptomics, a rapidly evolving field mainly driven by massive parallel sequencing technologies, explores post-
transcriptional RNA modifications. Né-methyladenosine (méA) has emerged as the most prominent and dynamically
regulated modification in human mRNAs, being implicated in the regulation of diverse biological processes, including sper-
matogenesis, heat shock response, ultraviolet-induced DNA damage response and maternal mRNA clearance. Despite the
recognized significance of m®A in mRNA regulation, limited studies have focused on the targeted and efficient manipula-
tion of this modification in mRNAs. Here, we present DeméA-Vec, an “all-in-one” plasmid vector designed for site-specific
méA demethylation in human mRNAs. DeméA-Vec integrates the expression of a catalytically inactive RfxCasl3d fused to
the m®A demethylase ALKBH5 and a Ué-driven customizable guide RNA in a single construct, simplifying experimental
workflows and enhancing targeting efficiency. Using nanopore direct RNA sequencing, we identify high-confident m®A
sites in HeLa cells, which serve as targets for DeméA-Vec. We validate the targeted demethylation of m®A sites in the
EEF2 and RRAGA genes using the established SELECT-qPCR method, confirming the impacts on mRNA stability and high-
lighting the tool’s precision and versatility. The presented approach is implemented in multiple mRNA sites with diverse
methylation stoichiometries, underscoring its adaptability to various transcriptomic contexts. This study provides a robust
and scalable method for investigating the functional roles of m®A modifications, offering a transformative platform for ad-

vancing epitranscriptomic research and potential therapeutic applications.

[Supplemental material is available for this article.]

Epitranscriptomics is a cutting-edge scientific field, mainly intro-
duced to the scientific community owing to the advent of high-
throughput sequencing technologies, that investigates the post-
transcriptional modifications in RNA (Xiong et al. 2017).
Although the existence of modified nucleosides in eukaryotic
RNA molecules was confirmed decades ago, their profile, function-
al roles, and abundance are not yet fully disclosed (Nachtergaele
and He 2017). Studies in mammalian cells have already character-
ized more than 170 RNA modifications, highlighting the presence
of modified bases in many RNA classes, including mRNAs, long
noncoding RNAs (IncRNAs), tRNAs, and rRNAs (Nombela et al.
2021). The investigation of RNA modifications necessitates the re-
finement of precise and sensitive detection methodologies. High-
performance liquid chromatography (HPLC) coupled with mass
spectrometry (MS) has emerged as the gold-standard workflow
for assessing m°A levels in RNA samples (Zhang et al. 2022).
Although HPLC-MS guarantees accurate quantification, it is re-
source-intensive and time-consuming and, most importantly, fails
to provide transcript-specific insights. Alternatively, antibody-
based approaches, including the methylated RNA immunoprecip-
itation followed by sequencing (MeRIP-Seq), have garnered atten-
tion for their capability to profile m°A modifications in a
transcriptome-wide manner (Molinie and Giallourakis 2017;
Bhattarai and Aguilo 2022). Nonetheless, these strategies present
inherent limitations, such as cross-reactivity with other modified
nucleotides and a deficiency in precise nucleotide resolution
(MclIntyre et al. 2020; Zhang et al. 2022). Recently, nanopore se-
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quencing has emerged as a groundbreaking technology with the
potential to address numerous challenges in terms of mRNA mod-
ification detection (Athanasopoulou et al. 2022; Stephenson et al.
2022). By directly analyzing RNA molecules as they pass through
nanopores, this approach enables single-molecule resolution,
high throughput, and the identification of modifications without
requiring antibodies or chemical treatments (Leger et al. 2021).
The most crucial advantage, however, is the ability to produce
long sequencing reads, which facilitates the reconstruction of
complete transcripts, thereby enhancing comprehension of mod-
ification context and functional implications within specific tran-
scripts (Zheng et al. 2023).

Among all RNA modifications, N®-methyladenosine (m°A)
has emerged as the most prominent and dynamically regulated
modification in human mRNAs (Meyer and Jaffrey 2014). An ex-
tensive number of mRNA transcripts harbor m®A modifications,
each exhibiting distinct distribution patterns (Zhou et al. 2020).
The incorporation of m°®A in mRNAs is orchestrated by methyl-
transferases, with the METTL3/METTL14/WTAP complex being
the most widely recognized and thoroughly studied (Xu et al.
2023). Although these complexes, also known as “writers,” add
the methyl group to specific adenines in mRNAs, this methyl-
group incorporation is reversible owing to the function of the
“erasers,” including FTO and/or ALKBHS (Wang et al. 2020;
Azzam et al. 2022; Yang et al. 2024). The interaction of m°®A “read-
er” proteins, such as YTHDF1-3 (Chen et al. 2023), YTHDC1/2
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(Kretschmer et al. 2018), and IGF2BP1-3 (Ramesh-Kumar and Guil
2022), modulates mRNA splicing (Akhtar et al. 2021; Zhu et al.
2023), translation, and decay, thereby impacting protein synthesis
(Shan et al. 2023). Furthermore, m°A modification has been impli-
cated in the regulation of diverse biological processes, including
spermatogenesis (Tan et al. 2023), heat shock response (Zhou
et al. 2015), ultraviolet-induced DNA damage response (Xiang
et al. 2017), maternal mRNA clearance (Liu et al. 2022), and T
cell homeostasis (Li et al. 2017). The significance of m°A for cellu-
lar homeostasis has prompted many studies to focus on the devel-
opment of methodologies for the efficient manipulation of this
modification in mRNAs. Nevertheless, the investigation of specific
RNA methylated sites is an extremely challenging task, mainly
because of the lack of established methodologies. Up until recent-
ly, most of the approaches used for investigating methylation were
based on manipulating the expression of RNA methyltransferase
or demethylase genes, which led to broad epigenetic alterations
and thus failed to provide specific information on a target site of
interest.

The advent of innovative methodologies, such as those inte-
grating CRISPR/Cas systems with RNA-processing approaches, has
expedited research in this domain, furnishing novel tools for dis-
secting the roles of post-transcriptional modifications in gene ex-
pression dynamics and disease pathogenesis (Terns 2018; Pickar-
Oliver and Gersbach 2019). The discovery of Casl3, a class 2
type VI CRISPR-Cas RNA endonuclease, has opened new avenues
for targeting the dynamics of endogenous RNA transcripts and
has already been used for both cleavage and subsequent degrada-
tion of RNA in various organisms, including fission yeast, plants,
and mammalian cells (Abudayyeh et al. 2016; Gupta et al. 2022).
Besides the identification of several Cas13 enzymes with different
features, including Cas13b and Cas13d (CasRx), findings have also
confirmed that specific mutations in Cas13 can produce a catalyt-
ically dead enzyme that, however, retains its RNA-binding affinity
(“dead” Cas13 [dCas13]). Most importantly, fusion of dCas13 with
the A-to-I RNA-editing enzymes ADAR1 or ADAR2 has been shown
to perform RNA editing in a targeted manner (Cox et al. 2017).
Besides ADARs, several endeavors have been dedicated to develop
targeted methylation and/or demethylation approaches based on
the dCas13 system, aiming to disclose the complex roles of m°A
in major cellular processes (Li et al. 2020; Cao et al. 2021).

Despite the progress made by the recent incorporation of
fused dCas13 constructs in modern epitranscriptomics, many lim-
itations still exist. The utilization of complex plasmid vectors
expressing fused constructs along with the necessity of cotrans-
fecting guide RNAs (gRNAs) often constitutes a significant draw-
back in terms of versatility and efficiency. Therefore, although
the progress in developing controllable and precisely targeted
RNA demethylation systems shows significant promise for explor-
ing locus-specific RNA methylation, numerous enhancements are
still necessary.

The aim of this study was to develop, optimize, and validate a
versatile tool for site-specific m°A demethylation in mRNAs. To
this end, we present Dem6A-Vec, an in-house developed “all-in-
one” plasmid vector designed to enable targeted demethylation
of m®A sites in human mRNAs. In contrast to previous approaches,
Dem6A-Vec supports the simultaneous expression of a gRNA for
the mRNA site of interest and a catalytically inactive Cas13d fused
to the major m°A “eraser” ALKBH5 (dCas13d-ALKBHS5). The pre-
sented approach enhances flexibility and efficiency by allowing
rapid targeting of diverse m°A-modified mRNA transcripts
through a simplified gRNA cloning workflow. Dem6A-Vec is de-

signed to facilitate investigations into the functional roles of
m°A modifications at defined transcriptomic sites in human
and/or other mammalian cells.

Results

Identification of the m®A epitranscriptomic profile of mRNAs

Overall, a total of 3,232,027 mRNA adenine sites were tested with
CHEUI for m°A methylation, whereas ~9.5% (310,133 sites) of
these sites had detectable methylation stoichiometry. To define
high-confident m°A sites with negligible false-discovery rates
(FDR; approximately zero), we used CHEUI, a two-stage neural
network model trained to identify and quantify m°A from ionic
currents derived from nanopore direct RNA sequencing (Acera
Mateos et al. 2024). Consequently, most of the methylated sites
were filtered out, and 3776 sites were considered as high-confident
m°®A modifications (Fig. 1A). These mOaA sites were taken into con-
sideration as candidates for the presented approach (Supplemental
Table S1). Analysis highlighted that 61.55% of the identified m°A
sites were detected within 3’ untranslated regions (UTRs), whereas
a significant proportion of 31.75% was found in the coding se-
quence (CDS) of mRNAs (Fig. 1B). Additionally, our findings indi-
cate an increasing trend in the prevalence of m°A sites spanning
from the translation initiation codon (ATG site) to the termination
codons, with the highest prevalence observed in the 3’-UTR
sequence and particularly in proximity to the termination
codons of mRNAs (Fig. 1C). Based on these results, we randomly
selected two representative m°A sites of EEF2 and RRAGA genes
for the development and optimization of Dem6A-Vec. These sites
met stringent filtering criteria and represented well-characterized
m®A, making them suitable as initial targets for demethylation
assays.

The consistency of the obtained results was validated by their
direct comparison with records deposited in the RMBase v3.0, a
comprehensive repository of RNA modifications detected and
characterized by existing short-read high-throughput sequencing
approaches, including m°A-seq and miCLIP (Xuan et al. 2024).
Direct RNA sequencing data analysis highlighted 2530 m°®A sites
that were already deposited in RMBase v.3.0, therefore being char-
acterized sites (Fig. 1D). Notably, the remaining 1246 detected sites
represent uncharacterized m°A sites that merit further investiga-
tion. Additionally, 73.6% (2782 sites) of the identified mOA sites
were found in the context of the 5-DRACH-3’' motifs, whereas
the remaining 994 sites resided in miscellaneous non-DRACH se-
quences (Fig. 1E). Interestingly, 90% of the high-confident 5'-
DRACH-3’ sites detected in the present study are also deposited
in RMBase v.3.0 and therefore represent modifications validated
by antibody-based high-throughput sequencing methodologies
(Fig. 1F). Motif analysis of the obtained nanopore sequencing
data revealed that 5'-GGACT-3’ was the most abundant methylat-
ed 5-DRACH-3" motif, whereas noteworthy abundancies were also
observed in the 5-AGACT-3/, 5-GGACC-3/, and 5-GGACA-3'
motifs (Fig. 1G).

The final part of the m°A epitranscriptome analysis was the
association between m®A methylation and transcript abundance.
For this purpose, mRNA transcripts were stratified into groups
based on the m°A stoichiometry levels. Our findings support
that mRNA transcripts with low-stoichiometry (<0.2) m°A sites
demonstrate increased expression levels compared with mRNAs
with highly methylated sites (Fig. 1H). However, no significant dif-
ferences were observed across other stoichiometry subgroups.
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Figure 1. Descriptive analysis of the direct RNA sequencing data sets from HelLa cells. (A) Funnel plot exhibiting the total number of tested adenosine sites
in MRNAs, the number of detected methylated sites, and the number of m®A with high confidence (probability > 0.9999). (B) Distribution of the identified
m©A sites across the distinct regions of mRNAs (UTRs and CDS) as well as the proportion of m°A in ncRNAs. (C) Density plot highlighting the relative abun-
dance of the detected m°A sites throughout the distinct regions of mRNAs (5’ UTR, CDS, and 3’ UTR). (D) Bar plot illustrating the number of detected m®A
sites that have been already deposited in RMBase v3.0, as well as the count of m®A sites that are not characterized. (F) Bar plot indicating the total count of
m°A sites identified in DRACH and non-DRACH motifs of mRNAs. (F) Venn diagram showing the overlap between high-confident m®A sites identified in this
study (CHEUI probability >0.9999) and sites deposited in RMBase v3.0. Only the 3776 high-confident sites detected by direct RNA sequencing are includ-
ed in this analysis. (G) Total number of high-confident (probability > 0.9999) m®A sites corresponding to each 5-DRACH-3’ motif on the mRNAs of Hela
cells. For visual purposes, the logs value of the total count is plotted for each motif. (H) Scatter plots exhibiting the association of m®A methylation with
transcript abundance. Transcripts were stratified into groups based on the m°A stoichiometry. Expression levels are shown using the transcript-per-million
(TPM) method. (/) Number of high-confident (probability >0.9999) m°®A sites per gene. A black horizontal line is used to demonstrate the median value.
Only genes containing at least one m®A site are demonstrated. (/) Proportion of high-confident m°A sites (CHEUI probability > 0.9999) located within ex-
perimentally validated miRNA target regions. Binding site coordinates were obtained from the DIANA-TarBase v8 database and mapped to the transcrip-
tome to assess overlap with identified m®A sites.

Additionally, analysis showed that the m°A methylome of HeLa Design of DeméA-Vec for versatile targeted méA

cells is characterized by a median value of one high-confident demethylation

m°A site per gene (Fig. 11). Finally, we investigated the overlap be-

tween high-confident m°A sites and predicted miRNA target re- An “all-in-one” nonviral plasmid vector, Dem6A-Vec, was de-
gions. To this end, we utilized data sets from DIANA-TarBase v8 signed for targeted m°A demethylation (Fig. 2A). The plasmid
(Karagkouni et al. 2018), a curated database of experimentally val- was designed to encode the catalytically “dead” type VI-B
idated miRNA-mRNA interactions derived from high-throughput Cas13d enzyme (mutations: R239A, H244A, R858A, and H863A)
techniques such as PAR-CLIP. Each mlA site was tested for from the bacteria Ruminococcus flavefaciens (RfxCas13d) (Tang
overlap with the genomic coordinates of validated miRNA-bind- et al. 2022), fused to the characterized human m®A demethylase
ing sites, and the proportion of sites within miRNA target regions ALKBHS. The fused dRfxCas13d-ALKBHS protein was tagged
was quantified. Our findings support that 37.84% of the high- with both FLAG-(DYKDDDDK) and HA-(YPYDVPDYA) in the C

confident m°A sites were found to reside within experimentally terminus, whereas a nuclear export signal (NES) followed by a
supported miRNA-binding regions, highlighting the potential reg- longlinker sequence was utilized for linking the two proteins and
ulatory interplay between m°®A modification and miRNA targeting inducing the nuclear export of the fusion protein (Fig. 2A).
(Fig. 1]). Furthermore, the designed plasmid confers resistance to ampicillin
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pU6 2155..2403 249bp Promoter
(Finker GGEGE). RfxCas13d DR30 + PaqCl sites 2404 ..2487 84 bp Miscellaneous
RfxCas13d DR30 2413..2442 30bp Direct repeat for RfxCas13d
PCMV 2492..3020 529 bp Promoter (complete Promoter including CMV enhancer)
Kozak 3021..3026  6bp Kozak sequence
Dem6A-Vec
(8677bp) dRfxCas13d 3027..5927 2901 bp CDS (Mutations: R239A, H244A, R858A and H863A)
NES 5928..5954 27 bp CDS (Nuclear export signal)
Linker GSGGGGSGT 5955..5981 27bp CDS
ALKBH5 5982..7163 1182bp CDS
FLAG 7164 ..7187 24bp CDS
@GGGGSGT!// Linker GGGGG 7188..7202 15 bp CDS
HA 7203..7229 27 bp CDS
Bgh-PA 7233..7460  228bp Polyadenylation signal (Bovine growth hormone)
pSv40 7465..7797 333 bp Promoter
Kozak 7798..7803  6bp Kozak sequence
Pac(puroR) 7804..8403 600 bp cDS
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— fo:a?m‘nmuﬁaqclaﬁf — —* >
Figure 2. Schematic illustration of Demé6A-Vec. (A) Circular map of Dem6A-Vec. The distinct features of the plasmid are shown in different colors. The

location, size, and type of each feature are also exhibited. (B) Linear map of Dem6A-Vec. The plasmid sequence encompasses two recognition sites for the
type IS PaqCl restriction endonuclease, thus enabling the scarless cloning of any RfxCas13d-compatible gRNA of choice through golden gate cloning. (C)
Fluorescence microscopy images highlighting the cellular localization of Dem6A-Vec.

for bacterial selection as well as resistance to puromycin for posi-
tive selection of transfected mammalian cells.

To ensure versatility in terms of targeting multiple m°A sites,
Dem6A-Vec enables a U6-driven expression of a Cas13d-compati-
ble gRNA. The gRNA cloning site of Dem6A-Vec is located down-
stream from the 30 nt direct repeat for RfxCas13d and includes a
32 bp sequence serving as the template region for the incorpora-
tion of any gRNA sequence through the golden gate cloning meth-
od (Ran et al. 2013). Of note, the designed plasmid contains a
gRNA cloning site that encompasses two cleavage sites for the
type IIS PaqCl restriction endonuclease (Kennedy et al. 2023),
thus enabling the scarless cloning of the gRNA sequence into the
backbone sequence of Dem6A-Vec (Fig. 2B). Finally, fluorescence
microscopy highlighted that after transfection, the fused
dRfxCac13d-ALKBHS construct is expressed in both the cytoplasm
and nucleus of HeLa cells (Fig. 2C).

DeméA-Vec induces the demethylation of méA sites
in human mRNAs

To evaluate the efficiency of Dem6A-Vec in demethylating specific
m®A sites in mRNAs, we implemented the designed approach on
multiple candidate m°A sites that (1) were detected from direct
RNA sequencing; (2) had a >0.9999 probability score from CHEUI,
thus exhibiting a negligible FDR; and (3) were deposited in RMBase
v.3.0 database, therefore being validated by short-read high-
throughput sequencing (Supplemental Table S1). Indicatively, the
present study presents detailed results of our approach on demeth-

ylating two m°A sites. The first site is located within a 5-DRACH-3’
motif on the mRNA of the EEF2 gene (GenBank transcript ID:
NM_001961.4, position: 2886), whereas the second m°A resides
on a 5-DRACH-3' site of the RRAGA mRNA (GenBank transcript
ID: NM_006570.5, position: 418). For targeted demethylation,
two distinct gRNA oligonucleotide duplexes were cloned into
Dem6A-Vec, and assays were performed on HeLa cells. Although
EEF2 and RRAGA were selected as representative examples for initial
optimization, primarily based on expression level and annotation
quality, their selection was random among several high-confident
mCA sites. However, to further demonstrate the versatility of the
Dem6A-Vec system, multiple m°A targets with varying stoichiome-
tries were investigated.

The demethylation efficiency of the EEF2 and RRAGA target
sites was evaluated in WT cells, cells transfected with Dem6A-
Vec expressing a nontargeting gRNA (NT-gRNA), and cells trans-
fected with Dem6A-Vec expressing the gRNA specific to the m°A
target. SELECT-qPCR assays were then conducted, targeting the
mOA site and a nonmethylated A nucleotide of the housekeep-
ing HPRT1 gene for normalization purposes. The principle of
SELECT-qPCR, which efficiently amplifies nonmethylated A sites
but exhibits significantly higher Ct values for m®A-modified sites,
was employed to assess the efficiency of demethylation.

The SELECT-qPCR results showed no significant differences
in normalized m®A abundance (2722 method) between WT cells
and cells transfected with Dem6A-Vec expressing the NT-gRNA,
indicating that Dem6A-Vec does not induce demethylation of
the target site without the presence of site-specific gRNA. In
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contrast, cells transfected with Dem6A-Vec expressing the
gRNA targeting the m°®A:2886 site of EEF2 exhibited a notable
upregulation of the produced PCR product, highlighting a success-
ful demethylation of the target (Fig. 3A). Similar results were ob-
served for the mO°A:418 site of the RRAGA gene when the
corresponding site-specific gRNA was expressed (Fig. 3B). Melt
curve analysis validated the specific amplification of demethylated
target sites. In contrast, WT cells and cells transfected with the NT-
gRNA failed to produce PCR products, owing to the inhibitory ef-
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mOA editing and provide consistent find-
ings, reinforcing the specificity of the
SELECT-qPCR signal.
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Figure 4.

gPCR results for m°A:2886 of EEF2 and m

revealed no significant differences compared with WT cells (Fig.
4B), confirming that demethylation depends on the enzymatic ac-
tivity of the ALKBHS in the fusion protein. Finally, to evaluate po-
tential off-target demethylation of the designed vector across the
transcriptome, we transfected cells with Dem6A-Vec expressing a
NT-gRNA and performed direct RNA sequencing. Differential
methylation analysis using CHEUI-diff showed no significant
changes in m°A stoichiometry between the HeLa WT and trans-
fected cells, indicating that the plasmid vector itself does not alter
the global m°A methylome (Supplemental Fig. S1).

To further support our findings, we performed both agarose
gel electrophoresis and capillary fragment analysis of SELECT-
qPCR products. Based on the capillary electrophoresis in both
WT and transfected cells, the ligated amplicons that correspond
to successful demethylation (~75-80 bp) can be clearly discrimi-
nated from the nonligated products and adapter dimers (~40 bp)
for both the EEF2 and RRAGA target sites (Supplemental Fig.
S2A,B). In addition, agarose electrophoresis confirms the absence
of the ligated product in WT and dALKBHS-transfected cells for
the EEF2 target site (Supplemental Fig. S3). These results confirm
the inability of the dALKBHS-expressing construct to perform

Investigation of the demethylation impact of Dem6A-Vec expressing a catalytically inactive
ALKBHS5 (dALKBHS5) after site-directed mutagenesis leading to the H204A mutant enzyme. (A) Sanger se-
quencing results validating the successfulégeneration of Dem6A-Vec expressing dALKBH5. (B) SELECT-

A:418 of RRAGA on WT Hela cells and cells transfected with
Dem6A-Vec expressing dALKBH5. The m°A stoichiometry on both conditions was calculated based on
the 2724 methodology, using a nonmethylated A site of HPRT1 gene as control.

To investigate the specificity of Dem6A-
Vec, we assessed whether demethylation
was restricted to the target m°A sites
(EEF2 m®A:2886 and RRAGA m°A:418)
without affecting other m°A sites within
the same transcript or even completely
unrelated genes. For this purpose, we in-
vestigated the potential impact of the
approach on the methylated EEF2
mCA:2638 site, as well as the RRAGA
mCA:1336. Both these sites are within
the same mRNAs as the previously de-
methylated target sites; they were detect-
ed by nanopore sequencing as high-
confident sites and are deposited in
RMBase v.3.0.

In cells transfected with the gRNA
targeting EEF2 m®A:2886, 272" analysis
showed a significant demethylation of
the target site, whereas no noteworthy
changes in methylation were observed
W at both the EEF2 m®A:2638 and RRAGA
& mOA:418 sites (Fig. 5A). Similarly, in cells

transfected with the gRNA targeting
« RRAGA m°A:418, the target site was
strongly demethylated, whereas both
EEF2 m°A:2886 and RRAGA m°A:1336
demonstrated nonsignificant methyla-
tion changes (Fig. 5B).

Target m6A site
EEF2 NM_001961.4 : 2886

12 ns

Normalized m6A abundance

Target m6A site
RRAGANM_006570.5: 418

Demethylation of specific m®A sites by
DembA-Vec regulates mRNA stability

Because m°®A modifications on mRNAs
are known to interfere with the stability of the transcribed product
(Wang et al. 2014; He and He 2021; Chen et al. 2024), we investi-
gated whether Dem6A-Vec can be utilized for assessing the impact
of the target m®A on the stability of the related mRNA. For this pur-
pose, WT and cells transfected with Dem6A-Vec expressing the
NT-gRNA, as well as with the gRNA of the target, were plated
and treated with actinomycin D for 6 h. Our qPCR findings dem-
onstrated that demethylation of both EEF2 m®A:2886 and RRAGA
m©®A:418 leads to increased stability of the mRNA target in a time
line of 6 h after actinomycin D treatment (Fig. 5A,B).

DeméA-Vec enables reversible m®A demethylation showcasing
RNA modification plasticity

In our effort to investigate the duration of the editing effects, cells
were transfected, positively selected with puromycin treatment for
24 h, and collected every 24 h for SELECT-qPCR. At every time
point, qPCR was also carried out to assess the mRNA levels of
RfxCas13d. Interestingly, 272" analysis confirmed that in both
cases of the EEF2 and RRAGA target sites, the highest demethyla-
tion efficiency was achieved 48 h (2 days) posttransfection (Fig.
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Figure 5. Assessment of the demethylation efficiency of Dem6A-Vec approach. (A) Targeted demethylation of the EEF2 target site (NM_001961.4
m°®A:2886). Bar plots are used to demonstrate the normalized m°A abundance of the target site (FEF2 m®A:2886) and two nontarget sites, EEF2
m©5A:2638 and RRAGA m®A:418. In addition, the relative expression of EEF2 mRNA is shown under actinomycin D treatment in a time line of 6 h to evaluate
the mRNA stability of the target. (B) Targeted demethylation of the RRAGA target site (NM_006570.5 m°A:418). Bar plots are used to demonstrate the
normalized m°A abundance of the target site (RRAGA m®A:418) and two nontarget sites, RRAGA m°A:1336 and EEF2 m°A:2886. In addition, the relative
expression of RRAGA mRNA is shown under actinomycin D treatment in a time line of 6 h to evaluate the mRNA stability of the target. (C) Graphical dem-
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expression levels of the RfxCas13d mRNA expressed by Dem6A-Vec in the transfected cells for a 6 day posttransfection time line. The human housekeeping

gene GAPDH was used for normalization purposes.

5C). Although both targets showed substantial demethylation on
day 3, partial remethylation had already initiated. As expected,
higher methylation ratios were observed for days 4 and 5, with
both targets being fully remethylated on day 6. Findings on the
Dem6A-Vec mRNA levels point toward the same direction,
because the highest plasmid expression was observed on day 2; a
notable decrease was noticed on day 3; and, on day 6, plasmid ex-
pression was decreased in a hundred-fold manner (Fig. 5D).

DeméA-Vec impacts m®A sites with diverse methylation
stoichiometries

To further evaluate the versatility of the presented approach,
Dem6A-Vec was used to demethylate multiple m°®A sites with
varying stoichiometries and hence provide insights into the deme-

thylation impact on low and high methylation ratios. For this
purpose, gRNAs were designed and cloned to target the following
sites of several random genes: CDC37 (NM_007065.4 m®A:1145),
PSATIT (NM_058179.4 m®A:1375), MRPL14 (NM_032111.4 m°A:
476), LAMTOR2 (NM_014017.4 m®A:332), CDK2 (NM_001798.5
mO®A:1158), and NAGLU (NM_000263.4 m®A:2002). All sites were
detected by direct RNA sequencing as high-confident m°®A
(Supplemental Table S1). Additionally, based on the nanopore se-
quencing findings, CDC37 (NM_007065.4 m°®A:1145) presents a
minimum of 0.05 m°A stoichiometry, being the least methylated
mP®A in HeLa transcriptome, whereas NAGLU (NM_000263.4
mC®A:2002) is a fully methylated site.

On m°A sites with low methylation ratios (stoichiometry <
0.5), Dem6A-Vec demonstrated promising results in terms of
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demethylation impact. In the case of the CDC37 site, which dem-
onstrated a minimum of 0.05 stoichiometry, only a slight decrease
in m®A abundancy was noticed (Fig. 6A). Despite the inherently
lower baseline methylation levels, we observed noteworthy re-
duced m°A abundance of both the PSATI (m°A stoichiometry:
0.16) and MRPL14 (m°A stoichiometry: 0.32) target sites (Fig. 6B,
C). Notably, our results did not identify a definitive stoichiometry
threshold under which demethylation was entirely ineffective.
At m°A sites exhibiting high stoichiometry (>0.5), our ap-
proach induced a robust and consistent demethylation effect.
Based on the 27**“* method, the target sites of LAMTOR2
(NM_014017.4 m®A:332) and CDK2 (NM_001798.5 m®A:1158)
were significantly demethylated (Fig. 7A,B). Similarly, on the fully
methylated site of NAGLU (NM_000263.4 m°®A:2002), Dem6A-Vec
exhibited a significant reduction in methylation levels (Fig. 7C).
Notably, removal of the each m°A target was also confirmed by
the fact that successful generation of qPCR amplicon in the melt
curve analysis was clearly observed only in the edited cells. It
should be mentioned that because SYBR Green methodology
was used for qPCR detection, minor signals from dimers can occa-
sionally appear and are highly dependent on the specific primers
used for the site of interest (Fig. 7B). Collectively, these findings
emphasize the adaptability of Dem6A-Vec as a demethylation

tool capable of targeting m°A sites irrespective of their initial stoi-
chiometry. This versatility highlights its utility for investigating
the m°A functionality in mRNAs with varying methylation
dynamics.

Discussion

The field of epitranscriptomics has garnered considerable atten-
tion owing to its potential to unveil the intricate regulatory roles
of RNA modifications. Among these modifications, m°A has
emerged as the most abundant and dynamically regulated in eu-
karyotic mRNAs (Liu et al. 2020). Studies have demonstrated that
mCA influences various mRNA features, including stability, splic-
ing, export, translation, and degradation (Roundtree et al. 2017;
Zaccara and Jaffrey 2020). The introduction of CRISPR/Cas13d
has revolutionized epitranscriptomics by providing a robust tool
for RNA processing and precise manipulation (Wessels et al.
2020). A significant advancement in this field is the development
of fused constructs that integrate catalytically inactive Cas13d
with effector domains, such as methyltransferases or demethylases
(Konermann et al. 2018; Cao et al. 2021). This enables the specific
manipulation rather than degradation of the RNA target. Although
this targeted approach holds great promise for advancing research
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Figure 6. Evaluation of the presented targeted demethylation approach on high-confident m°A targets with <0.5 methylation stoichiometries. SELECT-
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Figure 7. Evaluation of the presented targeted demethylation approach on high-confident m®A targets with >0.5 methylation stoichiometries. SELECT-
qPCR data and normalized m®A abundance are shown for LAMTOR2 (NM_014017.4 m®A:332; A), CDK2 (NM_001798.5 m®A:1158; B), and NAGLU
(NM_000263.4 m°A:2002; C) at 48 h posttransfection with Dem6A-Vec expressing the target gRNAs.

and developing novel therapeutic applications, the current num-
ber of studies utilizing tools for precise RNA manipulation is
limited.

In the present study, we introduce Dem6A-Vec, an in-house
developed plasmid vector designed for targeted m®A demethyla-
tion in human mRNAs. One primary advantage of Dem6A-Vec is
its versatile “all-in-one” plasmid design, integrating the expression
of catalytically inactive RfxCas13d fused with the major human
mC°A demethylase ALKBHS, as well as the U6-driven expression
of any gRNA compatible with CasRx (Fig. 2A). Among the identi-
fied and studied Cas13 effector proteins, including AdmCas13d,
EsCas13d, and LwaCas13a, Dem6A-Vec was designed to express
RfxCas13d because this effector protein has been shown to dem-
onstrate the most robust results in terms of targeted mRNA engi-
neering (Konermann et al. 2018).

The design of all gRNAs utilized in the present study were
based on the already identified optimal gRNA features for
RfxCas13d (Xia et al. 2021). Given that RfxCas13d can, in princi-
ple, target any RNA sequence with the appropriate gRNA design,
all high-confident m°®A sites identified in our direct RNA sequenc-
ing data set could theoretically serve as Dem6A-Vec targets. The
only technical constraint arises in cases in which a gRNA sequence

contains the recognition site for the PaqClI restriction enzyme used
in golden gate cloning. However, because PaqCI recognizes a 7 nt
motif (5-CACCTGC-3'), the likelihood of this occurring is ex-
tremely low. In such rare cases, alternative gRNA designs can re-
solve the issue, preserving the system’s broad applicability.
Another significant aspect of the gRNA design for the presented
approach is the potential off-target activity. To assess any potential
off-target activity within the target mRNA, we evaluated the meth-
ylation status of two additional m°A sites, EEF2 m®A:2638 and
RRAGA m°A:1336, which are located within the same mRNAs as
our target sites but were not targeted by the expressed gRNAs.
SELECT-qPCR analysis revealed no significant changes in methyl-
ation at these nontarget sites. Although these results are encourag-
ing, it is highly anticipated that any potential off-target effects
would primarily depend on the sequence complementarity and
specificity of the designed gRNA. Thus, transcriptome-wide off-tar-
get analysis is highly recommended for each gRNA prior to any
RNA editing experiment.

In addition to HeLa cells, we sought to explore the broader ap-
plicability of Dem6A-Vec in cell types that are typically more resis-
tant to transfection. Thus, we tested the plasmid vector in BJ and
NIH/3T3 fibroblast cells and confirmed robust expression of the
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construct, using fluorescence microscopy. The observed results
suggest that, despite the inherent challenges in transfecting prima-
ry-like and fibroblast cell lines, Dem6A-Vec can still achieve effi-
cient delivery and expression (Supplemental Material). This
expands the potential use of our tool to a wider range of biological
systems and experimental contexts.

The presented approach has a differentiated design compared
with previously published methods that require separate plasmids
for the Cas13-ALKBHS fusion construct and the gRNAs, necessitat-
ing multiple transfections or cotransfections and increasing the
complexity of the experimental setup (Rau et al. 2019; Cao et al.
2021). The transfection of separate plasmids for the Cas-ALKBHS
fusion protein and gRNAs not only complicates the experimental
workflow but also introduces variability in transfection efficiency,
which may lead to inconsistent expression levels of the required
components and thus may affect the efficiency and specificity of
the targeted demethylation process. By incorporating these com-
ponents into a single plasmid, Dem6A-Vec simplifies the process
of targeted RNA editing. This “all-in-one” design ensures codeliv-
ery and coexpression of both the dRfxCas13d-ALKBHS fusion pro-
tein and the gRNA within the same cells, thereby minimizing
variability introduced by cotransfection of multiple plasmids.
Although expression levels are influenced by factors such as pro-
moter strength, the use of a single vector ensures that both compo-
nents are present in the same cellular context, which is essential
for the assembly and activity of the RNA-processing complex.
Additionally, the unified plasmid system reduces the total amount
of transfected DNA, which may help limit cytotoxicity and en-
hance transfection efficiency and reproducibility.

Besides enhancing the reproducibility and scalability of ex-
periments, the use of a single plasmid vector opens new possibili-
ties for combinatorial studies, enabling the rapid investigation of
multiple mCA sites by simply altering the gRNA sequence within
the plasmid. Undoubtably, this flexibility has the potential to ac-
celerate the investigation of the functional roles of specific m°A
modifications across various mRNA targets and biological con-
texts. To obtain candidate m°A targets for validating our
approach, we implemented direct RNA sequencing on HelLa cells
and performed m°A calling with CHEUI (Acera Mateos et al.
2024). However, we took into consideration only the mPA sites
that demonstrated negligible FDR values (methylation probabili-
ty>0.9999) and were also deposited in the RMBase v3.0 database
(Xuan et al. 2024), therefore being validated with short-read
high-throughput sequencing (Supplemental Table S1).

In the present study, we demonstrated the targeted demethy-
lation of two characterized m°A sites on the EEF2 and RRAGA
mRNAs using Dem6A-Vec (Fig. 3A,B), whereas m°A targets of mul-
tiple genes (CDC37, PSAT1, MRPL14, LAMTOR2, CDK2, and
NAGLU) with diverse methylation stoichiometries were used for
validation of the approach. Demethylation efficiency for each in-
vestigated target was assessed based on the 27**“ method from the
SELECT-qPCR results. For demethylation assessment of EEF2 and
RRAGA mP°A sites in both WT and transfected HeLa cells, a targeted
GLORI approach was also performed as previously described in a
recent study, using reverse transcription of treated mRNA followed
by nested PCR (Supplemental Fig. S4A,B; Sun et al. 2025).
Although demethylation is verified by both approaches, differen-
tiations in stoichiometry are expected mainly owing to the
random nested PCR-based amplification resulting from the
heavy mRNA fragmentation induced by the GLORI treatment as
well as the limited quantification accuracy that SELECT-qPCR
may exhibit. Specifically, for EEF2 and RRAGA m°A targets,

SELECT-qPCR analysis supported that demethylation impact is
fully reversible in a time line of 6 days posttransfection (Fig. 5C).
Finally, our findings demonstrated that Dem6A-Vec induces tar-
geted demethylation of m®A in mRNAs, influencing their stability,
and therefore represents a robust and versatile tool for mRNA
epitranscriptomics.

Another key feature of the presented approach is the choice of
the restriction enzyme used for golden gate cloning of gRNAs into
Demo6A-Vec. The developed approach involves the utilization of
the restriction endonuclease PaqClI, which is a type IIS restriction
enzyme recognized for its robustness and precision, especially in
applications like golden gate assembly (Kennedy et al. 2023).
PaqClI recognizes a unique 7 nt palindromic sequence, a feature
that distinguishes it from many other restriction enzymes that typ-
ically recognize shorter sequences (Marillonnet and Werner 2019;
Tasnim et al. 2023). Hence, the incorporation of two PaqCI cleav-
age sites into Dem6A-Vec for gRNA cloning is particularly benefi-
cial in terms of modifying the plasmid vector and using different
fused constructs with other effector proteins, because this longer
recognition sequence reduces the chances of additional cuts in
the effector protein. Consequently, although Dem6A-Vec is pre-
sented as a m°A demethylation vector, it is designed in a way
that is adjustable for fusing Cas13d with other effector proteins
that include methyltransferases (Wilson et al. 2020), demethylases
(Li et al. 2020), or even modification-specific reader proteins
(Rauch et al. 2018), enabling a wide variety of applications in epi-
transcriptomic research (Cox et al. 2017; Shi and Wu 2024).
Specifically, the primary m®A eraser ALKBHS that was utilized in
this study can be substituted with other “writers,” “erasers,” or
even “readers.” Indicatively, Dem6A-Vec could be used after the
substitution of ALKBHS with any member of the human ALKBH
family because no restriction site is recognized by PaqClI. This
adaptability allows researchers to expand the utility of Dem6A-
Vec to investigate a wide range of RNA modifications beyond
m©®A, such as m5C (Zhang et al. 2024), pseudouridine, and inosine
(Wang et al. 2023). Hence, by enabling the incorporation of vari-
ous effectors, Dem6A-Vec provides a powerful tool for dissecting
the functional roles of different RNA modifications in transcript
stability, translation, and cellular homeostasis. This flexibility un-
derscores its potential to drive discoveries across diverse fields of
epitranscriptomics and RNA biology, offering opportunities to bet-
ter understand the regulatory networks mediated by RNA modifi-
cations and their implications in health and disease.

The subcellular localization of Cas13d fusion proteins is in-
creasingly recognized as a critical factor influencing RNA-process-
ing efficiency. Although CasRx is generally cytoplasmic, its
localization can shift depending on the fusion partner and the nu-
clear retention of crRNAs. Recent studies have demonstrated that
adding an NES signal can enhance cytoplasmic activity by facilitat-
ing the export of Cas13d-crRNA complexes (Gruber et al. 2024).
Based on this rationale, we incorporated a C-terminal NES into
our construct to promote access to cytoplasmic mRNAs.
Fluorescence microscopy confirmed that the expressed dCasRx-
ALKBHS fusion protein localizes to the cytoplasm but is also
detectable in the nucleus (Fig. 2C). As various localization strate-
gies continue to be explored, Dem6A-Vec has been designed to al-
low substitution of the NES with alternative signals, enabling
further adaptation in future applications.

In summary, Dem6A-Vec constitutes an alternative and versa-
tile approach for mRNA epitranscriptomic research by addressing
the existing drawbacks of previous methods and providing a com-
prehensive and efficient approach for targeted m®A demethylation.
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Its integration of both the demethylase and gRNA components into
a single plasmid not only simplifies the experimental process but
also enhances the precision, reproducibility, and scalability of epi-
transcriptomic studies. By providing a versatile and efficient tool
for targeted m°A demethylation, our study lays the groundwork
for a deeper exploration of the functional roles of m°A modifica-
tions in gene expression and disease. The insights gained from
this research have the potential to drive the development of novel
therapeutic strategies targeting RNA modifications.

Methods

Cell culture

HelLa (cervical carcinoma) cells were propagated in Eagle’s mini-
mum essential medium (2 mM L-glutamine, 1 mM sodium pyru-
vate, 1.5 g/L NaHCO3, w: NEAA, w: EBSS), supplemented with
10% fetal bovine serum (FBS; Gibco/Life Technologies) and 1%
penicillin/streptomycin  (Biosera), at 37°C and 5% COs,.
Dissociation of cells was performed upon 80%-90% confluency
with trypsin-EDTA solution (Biowest) with a passaging ratio of 1:4.

Total RNA extraction and mRNA enrichment

The TRIzol reagent (Ambion, Thermo Fisher Scientific) was used
for the total RNA isolation from HeLa cells. In the next step,
mRNA enrichment was carried out with the Magnosphere
UltraPure mRNA purification kit (Takara Bio), following the guide-
lines of the manufacturer. The quality and concentration of total
and poly(A)+ RNA samples were evaluated by capillary electropho-
resis on the Agilent 2100 bioanalyzer, using the RNA 6000 Pico kit
(Agilent Technologies).

Direct mRNA sequencing

An initial amount of 500 ng mRNA sample was used for the library
construction protocol for nanopore sequencing. For this purpose,
the direct RNA sequencing kit (SQK-RNA002, Oxford Nanopore
Technologies [ONT]) was used, based on the manufacturer’s proto-
col. Briefly, the annealing and ligation of the RT adapter in the 3’
poly(A) tails of mRNAs were carried out by incubating each mRNA
sample for 10 min at room temperature, using a T4 DNA ligase
(New England Biolabs). Reverse transcription was performed in a
40 pL reaction volume on a Veriti 96-well fast thermal cycler
(Applied Biosystems). The produced cDNA sample was purified
with 1.8x Agencourt RNAClean XP beads (Beckman Coulter).
The RNA adapter (RMX) was then ligated to the cDNAs in a 10
min room temperature incubation with T4 DNA ligase in a 40 pL
reaction volume, and then a second purification with 0.4x
Agencourt RNAClean XP beads was carried out. The final library
was loaded on a FLO-MIN106D flow cell with R9.4.1 chemistry,
and the sequencing run was performed on a MinlON Mk1C
sequencer (ONT), producing 1.22 million reads.

mPA epitranscriptome analysis

Raw sequencing data were basecalled with Guppy v.6.2.1 using the
RNA model rna_r9.4.1_70bps_hac with the default read Q-score
filtering. Only sequencing reads that passed the quality filtering
were further processed. Basecalled sequenced reads were aligned
to the reference human transcriptome (NCBI RefSeq assembly:
GCF_000001405.40) using minimap2 (version 2.22) (Li 2018).
Additionally, IsoQuant was employed for expression analysis
and transcript quantification (Prjibelski et al. 2023). Indexing
and event aligning of the basecalled reads to the reference tran-
scriptome were conducted with nanopolish v. 0.14. Detection of

mCA sites was carried out using the default pipeline parameters
of CHEUI, a two-stage neural network software capable of identify-
ing and quantifying m°A sites in nanopore RNA sequencing data
sets (Acera Mateos et al. 2024). Transcriptomic sites covered with
at least eight sequencing reads were taken into consideration for
mCaA calling. All identified m°A sites were associated with a predic-
tion probability score, ranging from zero to one. The called m°®A
sites exhibiting a prediction probability >0.9999 were considered
as high-confident because they are characterized by a negligible
FDR. All high-confident m°A sites detected in HeLa cells were test-
ed on whether they were already deposited in RMBase v.3.0 (Xuan
et al. 2024) and hence represented validated m°A sites with anti-
body based high-throughput sequencing approaches. Only high-
confident m°A sites that were also deposited in RMBase v.3.0
were taken into consideration as putative mCA targets for the pre-
sent methodology.

DemébA-Vec engineering, design of gRNAs, and golden gate
cloning

Engineering and delivery of Dem6A-Vec was carried out by
Polyplus. Targeted demethylation of any m°A site through
Dem6A-Vec requires the design of two single-stranded oligonucle-
otides (§RNA top and gRNA bottom). The gRNA top sequence
should be complementary to the mRNA target sequence. Because
the optimal gRNA design has already been elucidated for the
Cas13d expressed by Dem6A-Vec (Wessels et al. 2020; Xia et al.
2021), all gRNA sequences were designed following the existing lit-
erature. In this study, gRNA top and gRNA bottom oligonucleo-
tides were designed to target m°A sites of EEF2 and RRAGA
genes, as well as several mRNA sites demonstrating differential
methylation stoichiometries (Supplemental Table S2).

Annealing of the two oligos was carried out in reaction vol-
umes of 10 puL containing 6 pL RNase-free H,O, 1 pL of each
gRNA oligo (100 uM), 1 pL of 10x T4 ligation buffer (New
England Biolabs), and 1 pL (10U) of T4 polynucleotide kinase
(New England Biolabs). The reaction mixture was incubated for
30 min at 37°C, followed by 5 min at 95°C and a ramp down
step to 25°C at 5°C/min in a Veriti 96-well fast thermal cycler
(Applied Biosystems). The phosphorylated annealed oligos were
diluted 1:200 in H,O, and the subsequent cloning reaction was
carried out in 20 pL containing 100 ng of the designed plasmid,
2 pL of the diluted annealed oligos, 2 pL of 10x T4 ligation buffer
(New England Biolabs), 1 pL (10U) of PaqCI (New England
Biolabs), 0.5 puL of PaqClI activator (New England Biolabs), 1 pL
of T4 DNA ligase (New England Biolabs), and H,O. The 20 pL clon-
ing reaction was incubated for 10 cycles: 10 min at 37°C and 5 min
at 16°C. In the last step, the ligation reaction was treated with exo-
nuclease V (RecBCD) for the removal of any liner DNA fragments.
For this purpose, the total ligation reaction volume of 20 uL was
mixed with 5 pL 10x NEB buffer 4, 5 pL of ATP (10 mM), 1 puL
(10U) of RecBCD (New England Biolabs), and 19 pL H,O to a final
volume of 50 pL. Incubation was carried out for 60 min at 37°C,
followed by a heat inactivation step for 30 min at 70°C. Finally,
5 pL of the RecBCD-treated reaction was mixed with 100 pL
NZYS5a competent cells (NZYtech) for bacterial transformation,
based on the protocol of the manufacturer. The successful gRNA
cloning to Dem6A-Vec was validated with Sanger sequencing us-
ing the primer 5-GAGGGCCTATTTCCCATGATTCC-3’, which an-
neals to the U6 promoter sequence (Supplemental Material).

Site-directed mutagenesis

The QS5 site-directed mutagenesis kit was used to generate a
Dem6A-Vec version expressing the H204A-mutated and thus
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catalytically inactive ALKBHS (Zheng et al. 2013). Briefly, the first
step included an exponential PCR-based amplification step using
specifically designed forward (5'-CATCGTGTCTGCCGTGGACC
CCATCCACATCTTC-3) and reverse (5-CAGCCGCCGGGCTGG
TAG-3') primers, which enabled the incorporation of the desired
nucleotide substitutions. Then, the generated PCR product was
subjected to kinase, ligase, and Dpnl (KLD) treatment, following
the protocol of the manufacturer. The treated PCR product was
used for bacterial transformation, whereas validation of the suc-
cessful targeted mutagenesis was performed with Sanger
sequencing.

Plasmid transfection

HelLa cells were plated in six-well cell culture plates. Cells were
plated 24 h prior to transfection in 3 mL complete medium per
well. For each well, transfection was carried out using Opti-MEM
I reduced serum medium (Gibco/Life Technologies), 4 pL
Lipofectamine 3000 (Invitrogen, Thermo Fisher Scientific), 2.5
pg of plasmid DNA, and 4 puL of P3000 reagent. At 24 h after trans-
fection, cells were treated with 2 pg/mL puromycin for the positive
selection of the successfully transfected cells. The transfected cells
were appropriately harvested, and total RNA extraction was per-
formed for downstream analysis.

To evaluate the RfxCas13d mRNA expression in the transfect-
ed cells, total RNA was treated with DNase I (New England Biolabs),
and then, reverse transcription was performed using random hex-
amers (Thermo Fisher Scientific). The generated cDNA was ampli-
fied with a qPCR-based assay using gene-specific primers for
RfxCas13d (Supplemental Table S3), whereas the housekeeping
gene GAPDH was used for normalization.

Fluorescence microscopy

To investigate the plasmid localization through fluorescence mi-
croscopy, an immunofluorescence application solutions kit, HA-
Tag (C29F4), rabbit mAb and anti-rabbit IgG (H+L), F(ab’)2 frag-
ment (Alexa Fluor 488 Conjugate) were purchased from Cell
Signaling Technology. At 24 h postselection, HeLa cells were fixed
with 4% formaldehyde for 15 min at room temperature and rinsed
three times with 1x PBS for 5 min each. For immunostaining, cells
were blocked using blocking buffer under shaking conditions for
60 min. Cells were then incubated with HA-tag (C29F4) rabbit
mAb (1:800 dilution, Cell Signaling Technology 3724S) in anti-
body dilution buffer overnight at 4°C. After rinsing three times
with 1x PBS, cells were incubated with fluorochrome-conjugated
secondary antibody, anti-rabbit IgG (H+L), and F(ab’)2 fragment
(Alexa Fluor 488 Conjugate, Cell Signaling Technology 4412S)
diluted 1:600 in antibody dilution buffer for 2 h at room tempera-
ture in the dark. Finally, cells were rinsed with 1x PBS and stained
with DAPI using ProLong gold antifade reagent with DAPI
(Thermo Fisher Scientific P36935). Fluorescence images were cap-
tured using a Carl Zeiss Axio Vert.Al microscope.

To evaluate the applicability of Dem6A-Vec in cell lines with
lower transfection efficiency, BJ (human fibroblast) and NIH/3T3
(mouse embryonic fibroblast) cells were transfected using
Lipofectamine 3000, following the same conditions as for HeLa
cells. At 24 h postselection, cells were subjected to immunofluores-
cence staining, using anti-HA and/or anti-FLAG antibodies as de-
scribed above, to confirm successful expression and localization
of the Dem6A-Vec construct (Supplemental Material).

Single-base elongation and ligation-based qPCR amplification
method

The already established elongation and ligation-based qPCR am-
plification method (SELECT-qPCR) was implemented to assess
the efficiency of the presented targeted transcriptome engineering

approach (Xiao et al. 2018). Based on this method, we designed
two synthetic DNA oligos (UP and DOWN primers) containing
adapter sequences that were designed to trap the target the m°A
sites of the EEF2 and RRAGA genes (Supplemental Table S4).
After ligation, site-specific amplification was performed using
qPCR based on the SYBR Green method. Relative m°®A abundance
was calculated using the 272" method, in which ACt was defined
as the difference between the Ct value of the target site and that of
the nonmethylated internal control of HPRT1, and AACt was the
difference between the ACt of each sample and that of HeLa WT
cells used as the reference condition. Relative m°A levels were
then expressed as 2724, enabling the evaluation of site-specific
demethylation efficiency across conditions.

The initial mixtures included 1500 ng of total RNA as tem-
plate, 40 nM UP primer, 40 nM DOWN primer, and 5 pM dNTPs
in a total volume of 17 pL in 1x CutSmart buffer (New England
Biolabs). The mixture was incubated in a hot-lid Veriti 96-well
fast thermal cycler (Applied Biosystems) with the following ther-
mal conditions: 1 min at 90°C, 1 min at 80°C, 1 min at 70°C,
1 min at 60°C, and 1 min at 50°C and then 6 min at 40°C. The final
reaction mixtures were completed by adding 3 pL of 0.02 U Bst 2.0
DNA polymerase (New England Biolabs), 0.5 U SplintR ligase (New
England Biolabs), and 10 nmol ATP and were incubated for 20 min
at 40°C. The reaction was terminated by heat inactivation for
20 min at 80°C and stored at 4°C. For the amplification of the
mOA regions of interest, QPCR assays based on the SYBR Green
method were performed in a 96 fast well block QuantStudio
5 real-time PCR system (Thermo Fisher Scientific), using primers
designed to anneal at the adapter sequences of UP and DOWN
DNA oligos (Supplemental Table S4). Briefly, cycling conditions
of qPCR reactions were as follows: 5 min at 95°C, (10 sec at
95°C; 15 sec at 60°C) repeated for 40 cycles, 15 sec at 95°C,
1 min at 60°C, 15 sec at 95°C (collecting fluorescence at a ramping
rate of 0.05°C/sec), and, finally, a hold at 4°C. The qPCR data were
analyzed using QuantStudio design and analysis software.

mRNA stability assay

HeLa cells were plated in 24-well plates and transfected with 0.5 pg
plasmid expressing the target gRNAs and the NT-gRNA. Cells were
selected with 2 pg/mL puromycin, added 24 h posttransfection.
Puromycin treatment was removed after 24 h. In the next step,
both transfected and WT cells were treated with actinomycin D
(Gibco, Thermo Fisher Scientific) at 5 pg/mL for O, 2, 4, and
6 h. Cells were collected and total RNA was extracted and re-
verse-transcribed as previously described. The first-strand cDNAs
were used as templates for QPCR using gene-specific primers (Sup-
plemental Table S3), whereas the housekeeping gene GAPDH was
used for normalization.

Statistical analysis

Results are demonstrated as mean + SD from three independent ex-
periments. Data were analyzed by a two-tailed unpaired Student’s
t-test between two groups. Statistical analysis was carried out
using GraphPad Prism 9. All statistical tests were two-sided (*P<
0.05, **P<0.01, ***P<0.001, ****P<0.0001, ns: no significance).

Data access

The sequencing data generated in this study have been submitted
to the NCBI BioProject database (https://www.ncbi.nlm.nih.gov/
bioproject/) under accession number PRINA1256807.
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