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HOTAIR requires epitranscriptomic modification to exert its
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While m6A epitranscriptomic modification has been shown to impact several mRNAs maturation, stability/degradation, nuclear/
cytoplasm export and translation regulation, its impact on IncRNAs activity is yet largely uncharacterized. Here, we show that the
silencing of the m6A writer METTL3 inhibits Epithelial to Mesenchymal Transition (EMT), morphological, migratory and invasive
features of TGFp-treated epithelial cells as well as of tumor cells. Building on previous evidence pinpointing the IncHOTAIR as a
mandatory element for epithelial genes’ repression triggering EMT, here we uncover a dominant role of an epitranscriptomic
modification on the epigenetic function of this IncRNA. Mechanistically, HOTAIR is m6A-modified on the interaction domains with
both the master transcriptional factor of EMT SNAIL and the general chromatin modifier EZH2. This epitranscriptomic modification
is necessary for the interaction between HOTAIR and SNAIL/EZH2 and in turn for HOTAIR-dependent epigenetic repression on
SNAIL-targeted epithelial genes. Impairing m6A modification impedes the assembling of the tripartite SNAIL/HOTAIR/EZH2 complex
and in turn blocks EMT accomplishment. Overall, we unveil that the epitranscriptomic modification m6A has a dominant role on the

epigenetic function of a IncRNA.
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INTRODUCTION

The IncRNA HOTAIR (homeobox transcript antisense intergenic
RNA) is a key regulator of chromatin dynamics and gene
regulatory networks involved in a variety of pathophysiological
processes (e.g., cell cycle regulation [1, 2], cellular metabolism
[3-5], apoptosis [6], autophagy [7, 8], carcinogenesis [1], and
epithelial to mesenchymal transition (EMT) [9, 10]). Regarding
EMT, HOTAIR interacts with the sequence-specific transcription
factor SNAIL and with the general chromatin modifier EZH2,
catalytic subunit of Polycomb repressive complex 2 (PRC2), thus
specifically conveying this ubiquitous chromatin modifier on
SNAIL-target genes’ promoters and driving their transcriptional
repression [11, 12] through an epigenetic reprogramming. These
data disclosed HOTAIR as necessary for EMT as further demon-
strated by a mutant form of HOTAIR representing the sole SNAIL-
binding domain (HOTAIR-sbid) reported as dominant-negative in
counteracting EMT and HCC (Hepatocellular Carcinoma) cells
invasive and migratory abilities by interfering with the endogen-
ous IncRNA [12].

Recently, it has been shown that HOTAIR is post-
transcriptionally modified by the m6A writer METTL3 (Methyl-
transferase 3) and that site-specific epitranscriptomic modifica-
tions allow HOTAIR interaction with the YTHDC1 reader; notably,
while YTHDC1 binding regulates HOTAIR stability, this interaction
is not propaedeutic to its association with the chromatin causing

gene repression and cell proliferation/invasion in breast cancer
cells [13].

These data implement the growing research field of the
epitranscriptomic modifications occurring on coding and non-
coding RNAs, that influence biogenesis, stability, translation,
interaction with proteins, compartmentalization and regulatory
abilities on target genes [14, 15].

We here investigate on the impact of the m6A modification on
HOTAIR interaction with DNA/RNA-binding proteins (i.e., SNAIL
and EZH2) and, in turn, on HOTAIR-mediated epithelial gene
repression in early stages of EMT.

Notably, two models of EMT cells (epithelial cells undergoing
EMT in response to TGFf treatment and mesenchymal tumor cells)
silenced for METTL3 were found to recover an epithelial
morphology, to decrease their migratory and invasive abilities,
and to rescue the expression of epithelial markers despite high
levels of SNAIL expression.

Mechanistically, this was found to depend on the m6A-
dependent HOTAIR interaction with both SNAIL and EZH2,
triggering H3K27me3 accumulation on specific SNAIL-target
epithelial genes’ promoters and in turn their transcriptional
silencing established through this epigenetic modification.

Moreover, the reported data indicate that m6A methylation
profoundly influences HOTAIR structure, instrumental to its
function.
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MATERIALS AND METHODS

Cell culture conditions

Non-tumorigenic D3 murine hepatocytes [16] were grown on collagen
I-coated dishes in RPMI-1640 supplemented with 10% fetal bovine serum
(Gibco Life Technology, Monza, Italy), 50 ng/ml epidermal growth factor,
30 ng/ml insulin-like growth factor Il (PeproTech Inc., Rocky Hill, NJ, USA),
10 ug/ml insulin (Roche, Mannheim, Germany) and antibiotics. Where
reported, cells were treated with 2,5ng/ml of TGFB (PeproTech Inc.,
Rocky Hill, NJ, USA) for 72 h to induce EMT. SW480 colorectal cells were
grown in DMEM supplemented with 10% fetal bovine serum (Gibco Life
Technology, Monza, Italy) and antibiotics. All cell lines were tested for
mycoplasma using the DAPI staining and the LookOut® Mycoplasma PCR
Detection Kit (MP0035, Merck, Darmstadt, Germany). All cell lines were
authenticated after thawing by morphology check, cell proliferation rate
evaluation and species verification by PCR. Bacteria contamination was
excluded.

Lentiviral packaging, cell infection and transfection

Lentiviral particles were prepared as in [17]. Mouse Lentiviral vectors:
SMARTvector Inducible Mouse Mettl3 mCMV-TurboGFP shRNA, SMin NTC
mCMV/GFP(Horizon, Dharmacon, Lafayette, Colorado, USA). Human
Lentiviral Vectors as in [14].

The induction of shRNA was obtained by doxycycline treatment (2 pg/mL)
for 48 h. For dose response experiments, cells were treated with different
amounts of doxycycline (0,5 ug/mL, 1 pg/mL or 2 ug/mL).

For overexpression experiments, cells were transfected with FUGENE
HD Transfection Reagent (E2311, Promega), according to the manufac-
turer’s protocol. Equal amounts of DNA (pTRACER or pTRACER-HOTAIR,
pCMV6-METTL3 or pCMV6) were used. Cells were analyzed 48 h post-
transfection.

RNA extraction, reverse transcription, quantitative
polymerase chain reaction

RNAs were extracted by ReliaPrep™ RNA Tissue Miniprep System (Promega,
Madison, WI, USA) and reverse transcribed with iScriptTM c-DNA Synthesis
Kit (Bio-Rad Laboratories Inc., Hercules, CA, USA). Quantitative polymerase
chain reaction (RT-gPCR) analyses were performed according to MIQE
guidelines [18]. cDNAs were amplified by qPCR reaction using GoTaq gPCR
Master Mix (Promega, Madison, WI, USA). Relative amounts, obtained with
2(-ACt) method, were normalized with respect to the housekeeping genes
(as indicated in figure legends).

For primer details see Table 1.

Protein extraction and western blot analysis

Cells were lysed in Laemmli buffer, subsequently the proteins were
resolved on sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred to nitrocellulose membrane 0.45 pm (162-0115; Bio-Rad
Laboratories, Hercules, CA). The following primary antibodies were used for
immunoblotting: a-METTL3 (195352 Abcam, Cambridge, UK), a-HNF4a
(MA1-199 Thermo Fisher Scientific, Waltham, MA, USA), a-E-CADHERIN
(610182 BD transduction laboratories, Franklin Lakes, New Jersey), a-Snail
(L70G2, Cell Signaling Technology, Danvers, MA, USA) and a-GAPDH (MAB-
374 Merck, Darmstadt, Germany), used as a loading control. The immune
complexes were detected with horseradish peroxidase-conjugated spe-
cies-specific secondary antiserum: (a-Rabbit 172-1019 and a-Mouse 170-
6516 Bio-Rad Laboratories, Hercules, CA), followed by chemiluminescence
reaction (Bio-Rad Laboratories, Hercules, CA). Densitometric analysis of
protein expression was performed by using the Fiji-image J image
processing package.

RNA dot blot

RNA samples were incubated with RNA buffer (formamide, MOPS, and 37%
formaldehyde) at 65°C for 5min and then 20X Saline Sodium Citrate
Solution was added. 100 ng of RNAs were spotted onto a nylon membrane
(Hybond-N, RPN.203N., Amersham, Freiburg, Germany) by Bio-dot
apparatus (Bio-Rad Laboratories, Hercules, CA) and RNA was UV-
crosslinked (2 pulses, 30s, 1200 pjoules in a UV Stratalinker 1800,
Stratagene, La Jolla, CA, USA) to the membrane. The membrane was
incubated with 0.02% Methylene blue (to label total RNA) and with anti-
m6A antibody (202 003, Synaptic System, Goettingen, Germany) (to label
m6A-modified RNA) at 4°C, over-night. The immune complexes were
detected as in Western-blot analysis.
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Table 1. List of primers used for meRIP, RIP and gene expression

analysis.

Name Sequence

mmu-METTL3 FW GGACTCTGGGCACTTGGATT
mmu-METTL3 REV GCACGGGACTATCACTACGG

mmu-GAPDH FW
mmu-GAPDH REV

CTGGTAAAGTGGATATTGTTGCCAT
TGGAATCATATTGGAACATGTAAACC

mmu-E-cadherin FW CTACTGTTTCTACGGAGGAG
mmu-E-cadherin REV CTCAAATCAAAGTCCTGGTC
mmu-HNF4a FW TCTTCTTTGATCCAGATGCC
mmu-HNF4a REV GGTCGTTGATGTAATCCTCC
mmu-SNAIL FW CCACTGCAACCGTGCTTTT
mmu-SNAIL REV CACATCCGAGTGGGTTTGG
mmu-HOTAIR FW GCGCCAACGTAGACCAAAAG
mmu-HOTAIR REV TACCGATGTTGGGGACCTCT
mmu-18S FW ACGACCCATTCGAACGTCTG
mmu-18S REV GCACGGCGACTACCATCG
hsa-E-cadherin FW TACGCCTGGGACTCCACCTA
hsa-E-cadherin REV CCAGAAACGGAGGCCTGAT
hsa-HNF4a FW CATGGACATGGCCGACTACA
hsa-HNF4a REV ATTGCCCATCGTCAACACCT
hsa-SNAIL FW CACTATGCCGCGCTCTTTC
hsa-SNAIL REV GCTGGAAGGTAAACTCTGGATTAGA
hsa-HOTAIR FW CGGGACTTAGACCCTCAGGT
hsa-HOTAIR REV GTTCCATTCCACTGCGAAGC
mmu-Sbid FW GAAGACACGCACGGAGAAAG
mmu-Sbid REV ACTGGGGTTTGTCTGGAGTT
mmu-Ezh2 bd FW ACTTTGCTGCTGTGGAATGG
mmu-Ezh2 bd REV TCTCTCCTTTTCTGCCTCTGG
mmu-HPRT1 FW AGGACCTCTCGAAGTGTTGG
mmu-HPRT1 REV TTGCAGATTCAACTTGCGCT
hsa-Sbid FW GTCCTAGCTCGCCACATGAA
hsa-Sbid REV TAAGAAGAGCAAGGAAGCCCC
hsa-Ezh2 bd FW CATTCTGCCCTGATTTCCGG
hsa-Ezh2 bd REV GGGGTGTTGGTCTGTGGAA
hsa-HPRT1 FW ATCGCCAGTAAAATTATCAATG
hsa-HPRT1 REV ACAAAACAGATAAAATTCTTAG
mmu-L34 FW GGAGCCCCATCCAGACTC
mmu- L34 REV CGCTGGATATGGCTTTCCTA
hsa-L32 FW GGAGCGACTGCTACGGAAG
hsa-L32 REV GATACTGTCCAAAAGGCTGGAA
Immunofluorescence

Cells were methanol-fixed, incubated with 3% BSA in PBS (for 1 hour), and
then with anti-E-cadherin (610182 BD transduction laboratories, Franklin
Lakes, New Jersey), or anti-KI67 (SAB4501880, Merck, Darmstadt, Germany).
Goat anti-Mouse FITC-conjugated secondary antibody (31992, Thermo
Fisher Scientific, Waltham, MA, USA), Donkey anti-Rabbit 594-conjugated
Secondary Antibody (A21207, Thermo Fisher Scientific, Waltham, MA, USA)
were used. Nuclei were stained with DAPI (4/,6-diamidino-2-phenylindole;
268298; Calbiochem Merck, Germany). Images were examined with Nikon
Microphot-FXA microscope (Nikon Corporation, Japan) equipped with a
CCD camera. Digital images were acquired with a 20X objective by Nikon
NIS-elements software (Nikon Corporation, Japan) and scale bars were
added as indicated in each figure.
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Scratch assay inhibit cell proliferation; a scratch wound was created on the cell layer
Cell lines were maintained in culture medium (as above) until reaching using a micropipette tip. Micrographs were taken at time 0 and 48 h after
100% confluence, then shifted to serum-depleted culture medium to the scratch, with a 4X objective. Micrographs were captured with Kamera

ToupCam (E3ISPM 63008, color, CMOS, 1/1.8", 2,4 um, 59 fps, 6.3 MP, USB
3.0, Torino, Italy) and scale bar were added by the camera software Image
View. Cell-devoid areas at time 0 and 48 h after the scratch were quantified
through Fiji-lImage J image processing package.

Table 2. List of primers used for ChIP analysis.

Name Sequence
mmu-HNF4 ebox 1 FW GGAGATGGAAACTGAGGCTTG Invasion assay

] For transwell invasion assays, 8 um pore 24-well cell culture plates (Corning
mmu-HNF4 ebox 1 REV CAGCGGTTGGATATCTCTTG Inc, NY, USA), coated with type | collagen (0.1 mg/ml; Upstate Biotechnol-
mmu-HNF4 ebox 2 FW CGGTTCCCAAAGCATGTGAC ogy, CA, USA) were used. Equal numbers of cells were plated in the upper
mmu-HNF4 ebox 2 REV ATAAAGCTGTCCTGGGTCGC chamber in serum-free medium, while the lower chamber medium was

supplemented with 20% FBS as a chemoattractant. Cells were fixed with

mmu-e-cad ebox FW GAACGACCGTGGAATAGGAA

100% MetOH, stained with Giemsa's solution, and manually counted in
mmu-e-cad ebox REV CTCCCACACCAGTGAGCAG random microscopic fields. Micrographs were captured with a 4X objective
using Kamera ToupCam (E3ISPM 6300B, color, CMOS, 1/1.8", 2,4 um, 59 fps,

R 57 IRASCEAGEINGAICEICS 6.3 MP, USB 3.0, Torino, Italy) and scale bar were added by the camera
mmu-rpl30 REV CAGTGTGCTCAAATCTATCC software Image View.

hsa-HNF4 ebox FW CAAGCAGGTGGTGAGATCC

hsa-HNF4 ebox REV CGTCTCCTCTGGTCTCCTTC Methylated RNA immunoprecipitation (MeRIP)

o meRIP was performed in accordance to [19]. Antibody against m6A (202
hsa-e-cad ebox FW GGCAAGACAGAGCGAGAC 003; Synaptic System, Goettingen, Germany) or Normal Rabbit IgG (12-370;
hsa-e-cad ebox REV TCGAACTCCTGGGCTGAA Merck, Darmstadt, Germany) was added to the RNA diluted in IP buffer
hsa-rpl30 FW GCAGGAAGATGGTGGCCGCAA (10r|;nM Tris [pH 7.5], 150 mkl;/l NdaCI, 0.5% Nonildet P-40) alnd t(lj'len iﬂcu:oamd

with protein A magnetic beads. RNA samples were eluted with elution
hsa-rpl30 REV AGTCTGCTTGTACCCCAGGACGT 1 tfer (5 mM Tris-HCI pH 7.5, 1 mM EDTA, 0.05% SDS), extracted using the
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Fig.1 TGFB-mediated m6A upregulation. A Relative expression level of METTL3 mRNA in murine non-tumorigenic hepatocytes untreated or
treated with TGFp (NT or TGFp), analyzed by RT-qPCR. Data have been normalized with respect to GAPDH expression and are shown as the
mean = SD of three independent experiments. NT arbitrary value 1. B (Left) Western-blot analysis for METTL3 on protein extracts from
hepatocytes treated with TGFp (TGFP) and relative untreated control (NT). GAPDH has been used as loading control. The figure is
representative of three independent experiments. (Right) Densitometric analysis of Western-blot signals. Data are shown as the mean + SD of
three independent experiments. C (Left) RNA dot blot on total RNA from hepatocytes treated with TGFp (TGFp) or left untreated (NT) as
control. Methylene blue has been used as loading control. The figure is representative of three independent experiments. (Right)
Densitometric analysis of Dot-blot signals. Data are shown as the mean £ SD of three independent experiments. A-C Data are considered
statistically significant with p <0.05 (two-tailed paired t-test). *p < 0.05.
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Fig. 2 m6A modification is required in EMT induction. A Phase contrast micrographs for the analysis of murine non-tumorigenic hepatocytes
expressing shCTR or shMETTL3 (shRNAs) and treated with TGFp or left untreated (NT) as indicated. Scale bars are reported. B Relative expression level
of the indicated mRNAs in hepatocytes as in (A), analyzed by RT-gPCR. Data have been normalized with respect to 18S expression and are shown as
the mean + S.E.M. of four independent experiments. NT arbitrary value 1. C (Left) Western-blot analysis for the indicated proteins on extracts from
hepatocytes as in (A). GAPDH has been used as loading control. The figure is representative of three independent experiments. (Right) Densitometric
analysis of Western-blot signals. Data are shown as the mean + S.E.M. of three independent experiments. D Immunofluorescence detection of
E-cadherin in hepatocytes as in (A). DNA-DAPI (blue), E-cadherin (green). (Right) Magnification of merged figures is reported. Scale bars are reported.
B, C Data are considered statistically significant with p < 0.05 (paired t-test). p value: * < 0.05; ** < 0.01; *** < 0.001.
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Fig. 3 m6A modification is required in mesenchymal cancer cells. A Phase contrast micrographs for the analysis of SW480 cells expressing
shCTR or shMETTL3 as indicated. Scale bars are reported. B Relative expression level of the indicated mRNAs in SW480 cells as in (A), analyzed
by RT-gPCR. Data have been normalized with respect to L32 expression and are shown as the mean + S.E.M. of four independent experiments.
NT arbitrary value 1. C (Left) Western-blot analysis for the indicated proteins on extracts from SW480 cells as in (A). GAPDH has been used as
loading control. The figure is representative of three independent experiments. (Right) Densitometric analysis of Western-blot signals. Data
are shown as the mean + S.E.M. of three independent experiments. B, C Data are considered statistically significant with p < 0.05 (paired t-test).

p value: * < 0.05; ** < 0.01; *** < 0.001.

phenol-chloroform method, purified, and then analyzed by gRT-PCR.
Relative amounts, obtained with 2(-ACt) method, were normalized with
respect to the Input sample and then represented as IP/IgG.

For primer sequences see Table 1. Efficiency of 91% for mmu-Sbid
primers, 104,1% for mmu-Ezh2 bd primers, 108,8% for mmu-HPRT1
primers, 95,6% for hsa-Sbid primers, 92,6% for hsa-Ezh2 bd primers and
94,6% for hsa-HPRT1 primers.

Bioinformatic structural predictions

Secondary structure predictions of RNA structure and secondary structure
propensity was performed by CROSS (http://service.tartaglialab.com/
update_submission/953530/6fdef887b8) [20]. RNA Secondary Structures
(RSS) score was reported on the y-axis of the graphs in dependence on the
nucleotide sequence reported on the x-axis.

Cross-linked RNA immunoprecipitation (CLIP)

CLIP was performed as reported in [21] starting from 1 mg of cleared lysate
previously cross-linked (1 pulse, 30s, 8000 pjoules in a UV Stratalinker
1800, Stratagene, La Jolla, CA, USA). Immunoprecipitated RNA was reverse
transcribed and used in real-time polymerase chain reaction (RT-qPCR)
amplifications. List of primers is reported in Table 1. Primary antibodies for
IP were: anti-EZH2 39901 (Active motif, Waterloo, Belgium), anti-Snail
AF3639 (R&D systems, Minneapolis, MN, USA) and as negative control
Normal Rabbit IgG 12370 (Merck, Darmstadt, Germany) or Normal Goat IgG
AB-108-C (R&D systems, Minneapolis, MN, USA).

Co-immunoprecipitation

Cells were lysed in 50 mM Tris-HCI (pH 8.0), 150 mM NaCl, 5 mM EGTA (pH
8.0), 50 mM NaF (pH 8.0), 10% glycerol, 1.5 mM MgCl2, 1% Triton X-100
containing protease and phosphatase inhibitors (complete EDTA-free;

Cell Death and Disease (2025)16:753

Roche Applied Science, Mannheim Germany) and protein concentrations
determined by Bradford method. One milligram of cell lysates, after
preclearing with protein G-sepharose (GE Healthcare, Little Chalfont,
Buckinghamshire, UK), was incubated with 5 pg of anti-Snail AF3639 (R&D
systems, Minneapolis, MN, USA) and as negative control Normal Goat IgG
AB-108-C (R&D systems, Minneapolis, MN, USA). The complexes were
incubated for 3h with protein G-sepharose. Inmune complexes were
washed (as in [12]), eluted and denatured in Laemmli buffer. Proteins from
either cell lysates or immunoprecipitation were resolved on sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to
nitrocellulose membrane (162-0115; Bio-Rad Laboratories, Hercules, CA,
USA). Blots were probed with primary anti-EZH2 05-1319 (Merck,
Darmstadt, Germany) or anti-Snail L70G2 (Cell Signaling Technology Inc.,
Danvers, MA, USA) and immune complexes were detected with horse-
radish peroxidase-conjugated species-specific secondary antiserum (Bio-
Rad Laboratories, Hercules, CA, USA), followed by enhanced chemilumi-
nescence reaction (Bio-Rad Laboratories, Hercules, CA, USA).

Chromatin immunoprecipitation (ChIP) analysis

ChIP analysis was performed by using 5pg of the specific antibody
(H3K27me3; 07-449; Merck, Darmstadt, Germany) or the negative control
normal rabbit IgG (Merck, Darmstadt, Germany), of the anti-Snail AF3639
(R&D systems, Minneapolis, MN, USA) or the negative control Normal Goat
IgG AB-108-C (R&D systems, Minneapolis, MN, USA), as previously reported
[11]. The DNA was extracted with phenol-chloroform solution, precipitated
with NaCl and isopropanol and resuspended in 50 pl of water, then used in
the downstream qPCR analyses (primer pairs details are listed in Table 2).

Statistical analysis
Paired t-test was applied by using GraphPad Prism version 8.00 (GraphPad
software, San Diego, CA, USA; http://www.graphpad.com). A P-value

SPRINGER NATURE
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Fig. 4 m6A modification is required for cell migratory and invasive abilities during EMT. A (Left) Scratch assay at the indicated time in
murine non-tumorigenic hepatocytes expressing shCTR or shMETTL3, treated with TGFp or left untreated (NT). The figure is representative of
three independent experiments. For each experimental replicate, the same randomly chosen field has been monitored over time. (Right)
Quantification of migration, data are shown as the mean = SD of three independent experiments. B (Left) Invasion assay in murine non-
tumorigenic hepatocytes as in (A). The figure is representative of three independent experiments. (Right) Quantification of invasion, data are
shown as the mean + SD of three independent experiments. C (Left) Scratch assay at the indicated time in SW480 cells expressing shCTR or
shMETTL3. The figure is representative of three independent experiments. For each experimental replicate, the same randomly chosen field
has been monitored over time. (Right) Quantification of migration, data are shown as the mean = SD of three independent experiments.
D (Left) Invasion assay in SW480 cells as in (C). The figure is representative of six independent experiments. (Right) Quantification of invasion,
data are shown as the mean + SD of six independent experiments. A-D Data are considered statistically significant with p <0.05 (two-tailed

paired t-test). p value: * < 0.05; *** < 0.001.
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Murine HOTAIR sequence

CAGCTTCCCGGGGCTGCAG
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Human HOTAIR sequence
cerecaceceeTaceTTeTeCCTC SO 67 C1
GAC" CGCCTGTGCTCTGEAGCTTGATCCGARAGCTTCCACAGIGACG :C 1GCTCCETGGEGGTARGAGAGCACCAGGCAG

[TGCTCCTGGCGGCTCCCACCCGGGACTTAGACCCTCAGGTCCCTAATA
TCCCGGAGGTGCTCTCAATCAGAAAGGTCCTGCTCCGCTTCGCAGTGGAATGGAACGGATTTAGAAGCCTGCAGTAGGGG

AATTCACTCTCAATAAAGAAAGGAGGCTTAAAAAAAAAARAAAAAGTCCTGTGTTTACAAGACCAGAAATGCCAGCGCTA AGTGGGGAGT CAGAGTTACAGACGGCGET TCTTTATTTTTTTAAGGCCC
gg:CEEE:" TAF::EﬁAﬁfT g F;:ngggggggigg;igﬁggCATZig:igggiég:gﬂAA§§¥§2§§ CARAGAGTCTGATGTTTACAAGACCAGAAATGCCACGGCCGCGTCCTGGCAGAGARAAGGCTGARATGGAGGACCGGCGE
AAAGGAACCGGCAGAGGTCCCCAACATCGGTAGAAGGACAGARGACACGCACGGAGAAAGGTTTATGTTTTGTTTTGTTG gzgigzi‘;ggﬁgz’;zf?f”:iffsmigiigfg ZfCAACCTAAACC?fCAATTACACCCAAGCT?fgfiffggTFN:
TTTTTTAAATTTCAACTTGGAGCTCAATGAAGAARAGGCARAATATAGGCCAGTGGACCAGAGEACCGGAAGAGGACCAG e o e mCetann o a

TCATAGCTCACAGTGTGCCGGGTCCAGATGGAAGGAACTCCAGACAAACCCCAGTGGCAGGATAGGCACAGTCCTGAAGG T TT e ]
CTGGGGGCTCGCCCCTTGAAACCCTCTTCGCAGGCTGCCTGAGTTCTTTTGCTCTCCTTATCATCCCCATCTT CG GCACTCACAGACAGAGGTT TTTTATTTTTIARAATC LEGi s L GGGAAAATCTRAGG

AGGCTTGTTAACATGACCAGCGATCTGACCACGCACATCTATCTCCACCGCACACGCACTCAGCCGAGCAGCTGAGCTGG
GGGGACTGAGAGGCACTAATTAATTGATTCCTTGGACTGTAAAATATGGCTGTGTCTACACACACGGAACCTGTGGACTC
ATAAACAATATGTCTGCAGATGTGAGTGCACTGTCTCTTAAAGAATTTTTCTATAGTTATGTGCCTATTAGAATCCAGGA
TTTGAAAGACTCAAATAAGATTGCTTTTTCATAAGCCTCAACACAGTACAATGTCAGAAAATTCTGCAAAAACTTGGGTT
ATGGAATAGGTTTTCTCTGCTGTTACTGTAGACACACAAATTGGCTTCTGACTGCTAAGTGTTAGGATCAAAATCAAAGC
CCAGCTGAGAA( CTGAATGAAGCCTTTGCCCTTCCTGGGAGAAGGGGAATGGGCCCAGGTTCAGGCCTTACTTCATAA
TGCTGCTTAGGCTCAAGATTATAATATTAATATATATATATATTTACAAACCCTAACCTAAAGGAGCCTAACCCTAACCC
TTACCTAGCTCTCCAGATCACTGTCCACCCCTTAACTATCTGCCTGCATAGAGCATTGCTATAACATGCTTGCATTAGTC
TTGGAAGAATGTGTCTTGAGATGCATAAGTAAATAGCTCTAACAATTCTATATAATCATGATTCCATAGTGAATCTTGAT
GCAAATAGGCGTTAATATGTTCTCAACAGATACCAGCTTCAGACAAGAGACACAACAGGAAACTAAAAGTGACCATTTAT
ACAACAATGTTTGCTGACATACATGGCTATTTCAAAGACAAAAATACTAGGCAGAAATAGAAAAACACAAATAGAAACAC
AAATAGAAAAAACCAATTAACCAGTGGAGTTTGTCATTACCAATGTCATCATTGCTTCCTGATTTTGGGTGACTCTTTTA
AACCCGGCTGTGTTCCCTTCATTCAGCACGGCAGAGATGGTCTACCTTCCCATACCTTCAGCTCTGGCTCCAATATTTAT
TTTTAAAAAAATCTTCAGAGAAATGTATACCACAAATAATATGTGCATCTAAAGAATATGCCAATATAATTTACATATTT
TTTCATATACTAGGCTGATATGCACTTTGTATGTGTGTAAGAATGTGATATAATTCTGAGTTTTTACTGCTGTAGTAATA
TTTGGGTGCATTTCATGCAATAGTTCCATATGCTACAGAATGTAGATACACGTGACTAAATGAACTCAGAAAAGCACACC
CTTTATGTAGGATATATGAAAGCCTTGCTTACAAATGCAAATAAATTCTTGTTTGTGAATCTAAA

GAACGGGAGTACAGAGAGAATAATCCGGGTCCTAGCTCGCCACATGAACGCCCAGAGAACGCTGGAAAAACCTGAGCGGG
TGCCGGGGCAGCACCCGGCTCGGGTCAGCCACTGCCCCACACCGGGCCCACCAAGCCCCGCCCCTCGCGGCCACCGGGGT
TTCCTTGCTCTTCTTATCATCTCCATCTTTATGATGAGGCTTGT TAACAAGACCAGAGAGCTGGCCAAGCACCTCTATCT
CAGCCGCGCCCGCTCAGCCGAGCAGCGGTCGGTGGGGGGACTGGGAGGCGCTAATTAATTGATTCCTTTGGACTGTAARA
TATGGCGGCGTCTACACGGAACCCATGGACTCATAAACAATATATCTGTT TGAGTGCACTGTCTCTCAAATAATT
TTTCCATAGGCAAATGTCAGAGGGTTCTGGATTTTTAGTTGCTAAGGAAAGATCCAAATGGGACCAATTTTAGGAGGCCC
CAGAGTCCGTTCAGTGTCAGAAAATGCTTCCCC TTGGGAGTGTGTTTTGTTGGAAAAAAGCTTGGGTTAT
AGGAAAGCCTTTCCCTGCTACTTGTGTAGACCCAGCCCAATTTAAGAATTACAAGGAAGCGAAGGGGTTGTGTAGGCCGG
AAGCCTCTCTGTCCCGGCTGGATGCAGGGGACTTGAGCTGCTCCGGAAT TTGAGAGGAACATAGAAGCARAGGTCCAGCC
TTTGCTTCGTGCTGATTCCTAGACT TAAGATTCAAAAACAAATTTTTAAAAGTGAAACCAGCCCTAGCCTTTGGAAGCTC
TTGAAGGTTCAGCACCCACCCAGGAATCCACCTGCCTGTTACACGCCTCTCCAAGACACAGTGGCACCGCTTTTCTAACT
GGCAGCACAGAGCAACTCTATAATATGCTTATATTAGGTCTAGAAGAATGCATCTTGAGACACATGGGTAACCTAATTAT
ATAATGCTTGTTCCATACAGGAGTGAT TATGCAGTGGGACCCTGCTGCAAACGGGACT TTGCACTCTAAATATAGACCCC
AGCTTGGGACAAAAGTTGCAGTAGAAARATAGACATAGGA CTTAAATAAGTGATGCATGTAGACACAGAAGGGGT
ATTTAAAAGACAGAAATAATAGAAGTACAGAAGAACAGAAAAAAAATCAGCAGATGGAGATTACCATTCCCAATGCCTGA
ACTTCCTCCTGCTATTAAGATTGCTAGAGAATTGTGTCTTAAACAGT TCATGAACCCAGAAGAATGCAATTTCAATGTAT
TTAGTACACACACAGTATGTATATAAACACAACTCACAGAATATATTTTCCATACATTGGGTAGGTATGCACTTTGTGTA
TATATAATAATGTATTTTCCATGCAGTTTTAAAATGTAGATATAT TAATATCTGGATGCATTTTCTGTGCACTGGTTTTA
TATGCCTTATGGAGTATATACTCACATGTAGCTAAATAGACTCAGGACTGCACATTCCTTGTGTAGGTTGTGTGTGTGTG
GTGGTTTTATGCATAAATAAAGTTTTACATGTGGTGAATATAAA
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Fig. 5 HOTAIR is m6A-modified on SNAIL and EZH2 binding domains. A Analysis of the presence of putative m6A sites on SNAIL and EZH2
binding domains along the murine and human HOTAIR sequence. EZH2 binding sites are highlighted in purple, Hotair SBID is highlighted in
cyan and methylation sites are highlighted in green. B meRIP-gPCR analysis on HOTAIR SNAIL binding domain (sbid) and EZH2 binding
domain (ezh2 bd) in murine non-tumorigenic hepatocytes expressing shCTR or shMETTL3 during TGFp-induced EMT. Data are shown as the
mean * SD of three independent experiments and are represented as IP/IgG. HPRT1 was used as negative control. C meRIP-qPCR analysis on
HOTAIR SNAIL binding domain (sbid) and EZH2 binding domain (ezh2 bd) in SW480 cells expressing shCTR or shMETTL3. Data are shown as
the mean +SD of three independent experiments and are represented as IP/IgG. HPRT1 was used as negative control. B-C IgG arbitrary
value = 1. Data are considered statistically significant with p <0.05 (two-tailed paired t-test). p value: * < 0.05.

(P) < 0.05 was considered statistically significant (*P < 0.05; **P < 0.01 and
***P <0.001). Data were obtained from independent experiments and
expressed as means+SD. Number of experimental replicates, statistical
methods/tests and the definition of error bars are reported in each Figure
legend.
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RESULTS

m6A modification is required in EMT induction

To address the involvement of m6A modification in TGFB-induced
EMT, a non-tumorigenic hepatic cell line has been silenced for
METTL3 through an shRNA-based approach. As shown in Fig.
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1A-C, TGFP treatment inducing EMT increases both METTL3 and
m6A abundance as measured by qPCR, Western Blot analysis and
RNA dot blot, respectively.

Notably, the genetic silencing of METTL3 highlights
requirement for the induction of EMT.

its
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In fact, morphological analysis of hepatocytes demonstrates
that while METTL3-expressing cells acquire a spindle-like mor-
phology in response to TGF(B treatment, METTL3-silenced
hepatocytes maintain a more epithelial-like cobblestone shape,
representative of epithelial cells (Fig. 2A). This is in line with a
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Fig. 6 m6A modification is propaedeutic for HOTAIR-SNAIL and HOTAIR-EZH2 interaction. A Secondary structures propensity predicted by
CROSS algorithm on the methylated or not methylated HOTAIR. (Top) HOTAIR-sbid. (Middle) HOTAIR-EZH2 bd. (Bottom) Full length HOTAIR.
(Left) Murine HOTAIR secondary structures propensity. (Right) Human HOTAIR secondary structures propensity. On the y-axis the score for the
prediction of secondary structures is represented along the RNA sequence reported on the x-axis. The SNAIL binding domain is labeled in
cyan, the EZH2-binding domain is labeled in purple. White bars indicate the putative m6A sites. B (Left) RIP assays with anti-SNAIL or
preimmune IgG on murine non-tumorigenic hepatocytes expressing shCTR or shMETTL3 during TGFp-induced EMT. Data are reported as
means + SD of three independent experiments. (Right) RIP assays with anti-EZH2 or preimmune IgG on hepatocytes as in (Left). Data are
reported as mean = SD of four independent experiments. RNA levels in immunoprecipitates (IP) and IgG were determined by gRT-PCR.
HOTAIR-sbid, HOTAIR-ezh2 bd and, as negative control, ribosomal L34 RNA, were reported as % Input. C (Left) RIP assays with anti-SNAIL or
preimmune IgG on SW480 cells expressing shCTR or shMETTL3. Data are reported as mean * SD of four independent experiments. (Right) RIP
assays with anti-EZH2 or preimmune IgG on SW480 cells as in (Left). Data are reported as mean + SD of three independent experiments. RNA
levels in immunoprecipitates (IP) and IgG were determined by qRT-PCR. HOTAIR-sbid, HOTAIR-ezh2 bd and, as negative control, ribosomal L32
RNA, were reported as % Input. D Co-immunoprecipitation of EZH2 and SNAIL in murine hepatocytes (Left panels) and human colorectal
cancer cells (Right panels). Western blot data are representative of three independent experiments. B-C Data are considered statistically

significant with p < 0.05 (two-tailed paired t-test). p value: * < 0.05, ** < 0.01.

molecular profile where the reduction of the expression of the
epithelial/hepatic markers E-cadherin and HNF4a occurring in
response to TGFf3 treatment in hepatocytes is not observed upon
METTL3 depletion (Fig. 2B, top).

Moreover, to address a quantitative connection between
METTL3 levels and HOTAIR functional impairment, a METTL3
silencing with different concentrations of doxycycline has been
performed. By means of this protocol the induction of shRNA
expression and METTL3 silencing follow the same trend of
doxycycline dose and correlates with the EMT functional
impairment as assessed by E-cadherin and HNF4a expression
rescue (Supplementary Figure 1).

Mechanistically, the EMT impairment appears due to HOTAIR
methylation directly as demonstrated by rescue experiments in
hepatocytes undergoing EMT and silenced for METTL3; residual
METTL3 indeed is sufficient to methylate the overexpressed HOTAIR
(Supplementary Fig. 2A). In other words, although the transfected
HOTAIR prevents methylation as the endogenous transcript, a
significant level of HOTAIR methylation is detectable by meRIP
assay (Supplementary Fig. 2B) and the impact on the EMT markers
expression levels results significant (Supplementary Fig. 2C).

Conversely, with respect to the mesenchymal markers Snail and
HOTAIR, their expression in response to TGF{ is not significantly
modulated by METTL3 depletion (Fig. 2B, bottom). The gene
expression profile matches with the relative protein levels and
with E-cadherin localization at the cell membrane (Fig. 2C and D
respectively).

On the other hand, untreated non tumorigenic hepatocytes do
not significantly modulate epithelial genes expression (Fig. 2B-D)
thus suggesting the specific involvement of HOTAIR; indeed,
previous data demonstrated that in the absence of HOTAIR, Snail
loses its repressive activity failing to trigger EMT [11]. To further
dissect the role of METTL3, its overexpression was carried out and
appears insufficient to promote EMT (Supplementary Fig. 3);
indeed, in this condition, the pivotal elements for EMT program
SNAIL and HOTAIR are negligibly expressed. Overall, EMT
induction requires not only SNAIL/HOTAIR but also METTL3.

Similar results have been obtained in SW480 colorectal cancer
cells, EMT-like cells expressing high levels of HOTAIR and Snail.

As shown in Fig. 3A, cells undergo a morphologic change, and
the levels of epithelial markers increase in METTL3-silenced cells
while not significant modulations are observed for Snail and
HOTAIR at transcriptional levels (Fig. 3B). Again, gene expression
profile matches with the relative protein levels showing a rescue
of E-cadherin and HNF4a expression in silenced cells (Fig. 30).

Functional assays extend the conclusion of a METTL3-
dependent EMT induction in both cell models. Indeed, as shown
in Fig. 4, migratory (assessed by scratch test, in the absence of
proliferation as in Supplementary Fig. 4) (Fig. 4A, C) and invasive
(assessed by transwell-invasion assay) (Fig. 4B, D) abilities are
significantly impaired upon METTL3 silencing.

Cell Death and Disease (2025)16:753

Overall, these data highlight a role for epitranscriptomics in the
EMT dynamic process.

HOTAIR methylation conditions its secondary structure

In order to provide a molecular mechanism of the described
readout and in the light of the widespread distribution of m6A
modification, the exploration of epitranscriptomic modifications
was focused on transcripts previously described as molecular
players, required in EMT.

HOTAIR has been reported as essential for the EMT induction
and has been described as m6A modified in different cancer cell
lines (HeLa, MDA-MB-231, MCF7) [13]; here this observation has
been extended to the previously described experimental systems
(i.e hepatocytes undergoing TGFB-induced EMT and EMT-like
colorectal cancer cells), both expressing detectable levels of
HOTAIR.

Specifically, this modification has been explored on the
previously defined SNAIL and EZH2-interacting sites at the 5’ of
murine and human HOTAIR [11, 12, 22-24].

The starting analysis of the sequence spanning these two
domains highlighted the presence of several putative methylation
sites [19] in both murine and human HOTAIR (Fig. 5A).

Moreover, m6A immunoprecipitation (meRIP) followed by qPCR
amplification with specific primer sets has been carried out;
notably, both regions result significantly methylated in both
TGFpB-treated hepatocytes (Fig. 5B) and in SW480 cancer cells (Fig.
5C). As further control of meRIP specificity, the same analysis has
been performed on both cell lines silenced for METTL3
(ShMETTLS3).

Furthermore, the possible impact of HOTAIR modification on its
secondary structure has been explored by applying the CROSS
algorithm [20]. As reported in Fig. 6A, the methylation of HOTAIR is
predicted to influence the secondary structure of the murine and
human IncRNA; it is appreciable a decrease of the RNA secondary
structure (RSS) score (indicating the propensity of the RNA to
acquire secondary structures) in the absence of m6A with respect
to m6A presence.

Overall, these data disclose that HOTAIR is methylated in two
different EMT models and specifically on two relevant domains of
interaction with DNA/RNA-binding proteins.

m6A modification defines HOTAIR function in EMT
Furthermore, the functional impact of the predicted m6A-
dependent HOTAIR structure has been tested. Thus, cross-linked
RNA Immunoprecipitation (CLIP) assay has been performed to
evaluate the impact of m6A on HOTAIR interaction with SNAIL and
EZH2 in TGFB-treated hepatocytes (when both SNAIL and HOTAIR
expression is induced) and in SW480 cancer cells (showing both
SNAIL and HOTAIR constitutive expression). Interestingly, as
shown in Fig. 6B, C, these interactions are abolished in response
to METTL3 depletion (shMETTL3).
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Fig. 7 m6A is required for HOTAIR-dependent epigenetic modifications. A ChIP analysis for H3K27me3 on the indicated promoters in
murine non-tumorigenic hepatocytes (Left panels) and in human colorectal cancer cells (Right panels). B ChIP analysis for SNAIL binding to
the indicated promoters in murine hepatocytes (Left panels) and in human cancer cells (Right panels). Data are shown as IP/IgG and are
reported as mean + SD of independent experiments. IgG arbitrary value 1. Data are considered statistically significant with p < 0.05 (two-tailed

paired t-test). p value: * < 0.05, ** < 0.01.

Moreover, co-immunoprecipitation experiments show that
METTL3 depletion impairs the HOTAIR-mediated physical interac-
tion between SNAIL and EZH2 (Fig. 6D).

Finally, to gather insight into the molecular mechanism linking
RNA methylation to epithelial gene repression in EMT, a

SPRINGER NATURE

Chromatin ImmunoPrecipitation (ChIP) approach for the repres-
sive histone marker H3K27me3 (mediated by EZH2) has been
performed on hepatocytes undergoing EMT as well as in SW480
cancer cells, both silenced for METTL3 and control. Specifically, the
epigenetic modification was explored on the SNAIL-binding sites
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on the promoter regions of two main epithelial/hepatic SNAIL-
target genes, E-cadherin and HNF4a. An enrichment of this
histone modification was observed on these genomic regions
upon the induction of the TGF(B-dependent EMT and in
mesenchymal SW480 cancer cells. More interestingly, METTL3-
silencing causes a significant decrease of H3K27me3 enrichment
on the same genomic sites (Fig. 7A).

To evaluate whether the observed evidence was due to a
different recruitment of Snail on these chromatin sites in
dependence on HOTAIR methylation, a ChIP for SNAIL has been
performed in control and METTL3-silenced TGFB-treated hepato-
cytes as well as in SW480 cancer cells silenced or not for METTL3.
Notably, SNAIL interaction with the previously analyzed promoters
was not perturbed by METTL3 silencing despite its lack of function
(Fig. 7B).

Overall, these data highlight that the m6A modification
conditioning specific secondary structure formation is required
for the HOTAIR bridging role in the tripartite complex (HOTAIR-
SNAIL-EZH2), necessary for the epigenetic repression of epithelial
genes triggering EMT (Fig. 8).

DISCUSSION
This research highlights the epistatic relation of epitranscriptomics
on the epigenome. Specifically, with respect to the epigenetic
function exerted by the IncRNA HOTAIR in EMT, the m6A
epitranscriptomic modification appears to have a dominant role.
m6A modification is catalyzed by the writing complex
(composed by METTL3/14) and reversed by the FTO and ALKBH5
demethylases (erasers). Notably, m6A is recognized by different
RNA-binding proteins (readers) that exert several molecular
functions [15]. Recently, it has also been disclosed the m6A
modification effect on miRNAs activity and extracellular vesicle-
compartmentalization [14].

m6A HOTAIR

Gene OFF

H3k2Tmes Epithelial gene

promoter
- METTL3
Not-m6A HOTAIR
EZH2
SNAIL Gene ON
pithelial gene
promoter

Fig. 8 Schematic model illustrating the dominance of m6A
modification on HOTAIR function in EMT. Black circles represent
m6A and gray circles represent H3K27me3 modifications.
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Nevertheless, nowadays little is known about the impact of
m6A modification on IncRNAs [25]. Despite different IncRNAs
have been identified as m6A RNA targets (e.g., Xist [26], HOTAIR
[13], MALAT1 [27]) and m6A IncRNAs signatures have been
disclosed in different malignancies [28], the impact of this
epitranscriptomic modification on their function remains poorly
explored yet.

Here, the mechanisms of HOTAIR m6A modification have been
disclosed.

Data obtained underlined that: (i) TGFB-treatment upregulates
METTL3 expression and in turn m6A modification, (ii) METTL3 is
necessary for EMT induction, cell migration and invasion, (iii)
HOTAIR binding domains for SNAIL and EZH2 are m6A-modified,
(iv) m6A is propaedeutic for the interaction between HOTAIR and
SNAIL/EZH2 and for its bridging role, (v) m6A modification is
necessary for the epigenetic role of HOTAIR in the repression of
SNAIL-targeted epithelial genes (Fig. 8).

While the regulation of METTL3 expression appears relevant in
EMT induction, cell migration/invasion and tumor progression,
the complexity of identifying the possible regulators of METTL3
abundance limits the characterization of these molecular
dynamics and represents as yet an open field of investigation.
Thus, building on a report defining the methylation of HOTAIR on
specific sites in breast cancer cells [13], the influence of m6A
methylation on the previously described function of HOTAIR in
EMT was addressed. Functionally, data indicate that the
impairment of m6A modification of the IncHOTAIR results in
the reversion of the mesenchymal phenotype and in migration
and invasion ability impairment of both non-tumorigenic
hepatocytes undergoing TGFB-induced EMT and mesenchymal
carcinoma cells.

Interestingly, the silencing of METTL3 enzyme shows a rescue of
the expression levels of SNAIL-HOTAIR-EZH2 targeted epithelial
genes without affecting the expression of HOTAIR and SNAIL
themselves. Mechanistically, HOTAIR m6A modification impacts its
secondary structure and appears pivotal for its capacity to bind to
the DNA/RNA binding proteins SNAIL and EZH2 and for the EZH2-
dependent H3K27me3 repressive epigenetic modification on
E-Cadherin and HNF4a promoters.

These data underline a direct role for SNAIL and EZH2 as direct
readers of m6A allowing HOTAIR chromatin association unlike the
canonical reader YTHDC1, not involved in these dynamics [13].
Notably, literature data reports additional METTL3-dependent
mechanisms contributing to EMT impairment in different tumor
cell lines [29, 30] thus the contribution of other players to the
complex dynamics occurring in TGFB-dependent EMT and in HCC
cells cannot be ruled out.

With respect to HCC, the impact of m6A has been already
reported and, notably, the effectiveness of pharmacological
METTL3 inhibition in different animal models of malignancies
has been shown to provide an innovative therapeutic approach
[31-34]. Our data provide further evidence focusing on the IncRNA
HOTAIR and specifically on its activity that highlights the crossroad
between epitranscriptomics and epigenetics. In this light HCC
warrants further investigation. More in general, it will be essential
to consider not only the expression levels of RNA molecules but
also their methylation status in the diagnosis of HCC. Conceivably,
epitranscriptomic modifications will soon be recognized as
playing a mechanistic role in regulating other non-coding RNAs,
ultimately shaping specific epigenetic landscapes causal for HCC
onset and progression.

DATA AVAILABILITY
The data generated in this study are available upon request from the corresponding
author.
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