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METTL16-mediated inhibition of MXD4 promotes leukemia
through activation of the MYC-MAX axis
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N6-methyladenosine (m®A) is an RNA modification that governs multiple aspects of RNA metabolism, including splicing, translation,
stability, decay, and the processing of marked transcripts. Although accumulating evidence suggests that the m°A writer METTL16
is involved in leukemia, the molecular pathway(s) by which it contributes to leukemogenesis remain unexplored. In this study, we
shed light on a novel molecular mechanism whereby METTL16 plays a role in acute myeloid leukemia (AML) progression through
an m®A-dependent manner. Our investigations revealed that METTL16 is overexpressed in primary AML cells. Genetic depletion of
METTL16 or its pharmacological inhibition strongly affected the proliferation of AML cells, eventually triggering apoptosis.
Transcriptome-wide analysis identified mRNA of MAX Dimerization Protein 4 (MXD4), a MYC pathway regulator, as a downstream
target of METTL16. Mechanistically, we showed that METTL16 controls the stability of MXD4 mRNA, resulting in a reduction in MXD4
protein levels that indirectly activates the MYC-MAX axis, essential for leukemogenesis. Strikingly, the suppression of MXD4 rescued
the expression levels of MYC target genes, restoring AML cell survival. Our findings unveil a novel METTL16-MXD4 oncogenic axis
crucial for AML progression, establishing small-molecule inhibition of METTL16 as a potential therapeutic approach in leukemia and
providing a new strategy to target MYC activity in cancer.
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Graphical Abstract

Molecular model of METTL16-MXD4 axis controlling AML progression by regulating MYC activity. (A) METTL16 installs m®A on
MXD4 mRNA, decreasing its stability and resulting in decreased MXD4 protein levels. (B) MXD4 reduction ensures MYC-MAX complex
formation, MYC target gene expression, and AML cell growth. (C) Silencing or chemical inhibition of METTL16 stabilizes MXD4 mRNA and
increases its protein levels. (D) (7) Increased MXD4 proteins may counteract MYC binding with its partner MAX, thus repressing expression
of MYC target genes (early event); (2) MXD4 binds to MYC regulatory regions, decreasing MYC expression (late event) and affecting AML

proliferation.
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INTRODUCTION

Acute Myeloid leukemia is one of the deadliest hematological
malignancies, and less than 70% of the patients survive more than 5
years due to drug resistance and relapse [1]. The identification of
novel molecular pathways and druggable targets involved in
leukemogenesis is therefore essential for developing new anticancer
therapeutic strategies. AML is characterized by the disruption of
normal hematopoietic differentiation, leading to the selection of
neoplastic clones that are unable to differentiate into committed
cells [2]. Crosstalk between genomic and epigenomic aberrations
generates hematopoietic cell transformation [3], although leukemic
cells also acquire epitranscriptomic alterations supporting their
uncontrolled proliferation [4]. Ns—methyladenosine (m5A) is the most
abundant and well-studied RNA modification [5]. m°A influences
various aspects of the mRNA life cycle, including RNA stability,
degradation, enhancement of translation, and alternative splicing,
ultimately affecting gene expression [6]. The turnover of m°A is
dynamically regulated by two groups of proteins: methyltransferases
(writers), which place the methylation mark on target RNAs, and
demethylases (erasers), which remove the modification [7]. Addi-
tionally, m®A-reader proteins, such as members of the YTH domain-
containing protein family, bind to m°A-modified mRNAs, determin-
ing their specific fate [7]. Although accumulating evidence indicates
that dysregulation of m®A modification and its effectors play a role
in the tumorigenesis of several cancer types, including AML [8-10],
very little is known about the underlying molecular mechanism by
which m®A machinery is involved in cancer. METTL16 was recently
identified as a novel independent m®A writer [11]. METTL16
catalyzes the addition of m°A to noncoding RNAs and mRNA
transcripts [12, 13]. Recently, METTL16 was associated with AML cell
survival via the reprogramming of branched-chain amino acid
(BCAA) metabolism [14]. However, the potential impact of METTL16
in supporting the activity of crucial oncogenic pathways required for
leukemogenesis is still unexplored. Here, we reveal a novel
molecular mechanism by which METTL16 promotes leukemia
progression in an m°A-dependent manner. We found that METTL16
is overexpressed in primary AMLs. Interfering with METTL16
expression and pharmacologically inhibiting METTL16 both
prompted a block in AML progression accompanied by the
induction of apoptosis pathways. Mechanistically, we show that
METTL16 supports AML proliferation by promoting the instability of
MXD4 mRNA, resulting in a decrease in MXD4 protein levels that
indirectly activates the MYC-MAX axis, supporting leukemic cell
growth. Thus, our findings provide a novel rationale to target MYC
activity, opening up new therapeutic perspectives to treat leukemia.

MATERIALS AND METHODS
Cell culture and ex vivo cells
K562, U937, NB4, HL-60 and OCI-AML3 cells were purchased from ATCC
and grown in RPMI 1640 (Euroclone) supplemented with 10% fetal bovine
serum (FBS) (Euroclone), 2 mM L-glutamine (Euroclone), and antibiotics
(100 U/mL penicillin, 100 ug/mL streptomycin, and 250 ng/mL amphoter-
icin-B; all Euroclone) at 37 °C and 5% CO,. HEK293FT cells were plated in
Dulbecco’s Modified Eagle’s Medium (DMEM) (Euroclone) supplemented
with 10% FBS, 100 U/mL penicillin/streptomycin (Euroclone), and 2 mM
glutamine (Euroclone). Cells have been authenticated by STR analysis.
Leukemic blast cells were isolated from the peripheral blood or bone
marrow of leukemia patients and purified using Ficoll (Sigma-Aldrich). Cells
were cultured in RPMI 1640 medium (Euroclone) supplemented with 20%
heat-inactivated fetal bovine serum (FBS; Sigma-Aldrich), 1% L-glutamine
(Euroclone), 1% penicillin/streptomycin (Euroclone), and 0.1% gentamicin
(Euroclone). CD34* cells were obtained from STEMCELL Technologies
(Catalog No. 70002).

shRNA design and cloning

The shRNAs specific for METTL16 and MXD4 were designed and cloned into
pLKO.1-TRC (constitutive) and pLKO.1-Tet-On (inducible) vectors with the
Agel/EcoRl sites. The sequences targeted are as follows:
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(sShMETTL16.1 and 2) (S)5'CCGGTTGGTCATGCATATGCTTTATCTCGAGA-
TAAAGCATATGCATGACCAATTTTTG-3'(AS)5’AATTCAAAAATTGGTCATGCA-
TATGCTTTATCTCGAGATAAAGCATATGCATGACCAA-3'(S)5'CCGGCGGGGTT
GGTATGAAATTAAACTCGAGTTTAATTTCATACCAACCCCGTTTTTG-3'(AS)5'AA
TTCAAAAACGGGGTTGGTATGAAATTAAACTCGAGTTTAATTTCATACCAACCC
CG-3.

(shMXD4) (S) 5 CCGG-GT GTCCTTATGTCATTGTAAT-CTCGAG-ATTA-
CAATGACATAAGGACACTTTTTG 3. (AS) 5 AATTCAAAAA-GT GTCCTTA
TGTCATTGTAAT-CTCGAG-ATTACAATGACATAAGGACAC 3'.

Lentiviral production and infection

For lentiviral production, 5x10A6 HEK293FT cells were seeded in 10 cm culture
dishes the previous day. Subsequently, HEK293FT cells were co-transfected
with shRNA-targeting plasmids and lentiviral packaging mix plasmids (psPAX2
and pMD2.G in a 3:2:3 ratio), using jetPRIME reagent (Polyplus, #101000046)
according to the manufacturer’s protocol. The culture medium was replaced at
24 h post-transfection, and cells were kept in culture for an additional 72 h.
Subsequently, 2 mL of the lentivirus-containing supernatant was used to infect
1x1016 K562, Kasumi-1, and OCI-AML3 cells. Infected cells were kept in an
incubator for 30 min and then centrifuged at 1000 RPM for 90 min at 32°C.
After centrifugation, cells were kept in an incubator overnight. The next day,
puromycin selection (1 ug/mL) was started and carried out for four days.

Western blot analysis

WB analysis was performed as previously described [15]. Briefly, RIPA buffer
(0.1% SDS, 1% Triton X-100, 150 mM NaCl, 10 mM Tris-HCI pH 8, 1 mM EDTA
pH 8) with 1% protease inhibitor cocktail (Roche) was used to lyse the cells.
Resulting lysates were subjected to centrifugation for 20 min at 4°C and
heated at 95 °C for 4 min. A total of 25 ug of protein extract was then loaded
on SDS-polyacrylamide gel, and proteins were separated through electro-
phoresis. The resolved proteins were blotted on the nitrocellulose membrane
and incubated overnight with target antibodies. The protein signal was
visualized by the ECL (Bio-Rad, #1705061).

Antibodies

Primary antibodies used: anti-METTL16 (Cell Signaling, #17676), anti-MXD4
(Invitrogen, #PA5-40596), anti-PARP (Abcam, #ab32138), anti-MYC (Santa
Cruz Biotechnology, #SC764), anti-MAX (Santa Cruz, #5C8011). Antibodies
were used according to the manufacturers’ instructions

RT-qPCR

RNA extraction was performed using a RNeasy Mini Kit (Qiagen, #74104)
according to the manufacturer’s instructions. Subsequently, 1 ug of total RNA
was reverse transcribed using a Revert Aid RT Kit (Thermo Fisher Scientific,
#1621). The cDNA was mixed with SYBR Green (Applied Biosystems,
#4367659), and RT-qPCR was run through a Quant Studio™ 3D Digital PCR
instrument. Amplification data were analyzed by the AACt method.

Colony formation assay

The clonogenic capacity of K562 SCR and shMETTI16 cells was tested with
MethoCult H4535 w/o erythropoietin (MethoCult™ GF + H4435) (Stemcell
Technologies, #0445) according to the manufacturer’s instructions. SCR
and shMETTL16 cells (1x10/4 cells) were mixed with 1T mL of MethoCult in
triplicate and seeded in 6-well plates support dishes (Corning, #3516). The
number of colonies was evaluated after 14 days. Determination of colony
number and size was performed with ImageJ software.

LDH assay

The release of intracellular LDH was assessed with an LDH Assay Kit-WST
(Dojindo Laboratories, #CK12) according to the manufacturer’s instructions. A
total of 5x10A3 cells in 100 ul were cultured in 96-well plates and kept in an
incubator for the indicated time. A total of 10l of lysis buffer (Dojindo
Laboratories, #CK12) was added to the positive control wells, and the plate
was incubated at 37 °C for 30 min. Subsequently, 100 ul of working solution
was added to the sample wells, and the plate was incubated at 37 °C for
30 min. Finally, 50 pl stop solution was added and absorbance values were
read using the Infinite 200 microplate reader at 490 nm (Tecan).

In vitro METTL16 and METTL3 RNA methylation test
The methylation activity of METTL16 and METTL13 was assessed using the
METTL3/METTL14 Complex Chemiluminescent Assay Kit (BPS Bioscience
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#79614), following the manufacturer’s instructions. The METTL16 purified
protein was purchased from Active Motif (#81785) and used according to
the kit's guidelines.

RNA-seq

The total RNA of the shSCR and shMETTL16 K562 cell lines was purified
using a RNeasy Mini Kit (Qiagen, #74104) according to the manufacturer’s
instructions. The resulting RNA samples were used to prepare RNA-seq
libraries according to the ILLUMINA TruSeq Stranded mRNA protocol.
Lastly, cDNA libraries were paired and sequenced using a NovaSeq 6000
instrument (ILLUMINA).

RNA-seq data processing

The analysis of bulk RNA-seq data was carried out starting from quality
assessment and reads mapping onto the human genome GRCh38.p13
(release 39) running STAR [16]. The average read length was 150 bp, and
the libraries yielded an average of ~53 million reads for SCR and ~55
million reads for shMETTL16 samples. Bioconductor DESeq2 (https:/
bioconductor.org/packages/release/bioc/html/DESeq2.html) package run-
ning in an R software environment was exploited to normalize raw counts
and subsequently to produce their expression characterization. The
processed data are summarized in Supplementary Table 1.

meRIP-seq

meRIP-seq was performed as previously described with a few modifica-
tions [17]. Briefly, total RNA was extracted from doxycycline-treated (1 ug/
mL for 72 h) SCR and shMETTL16 inducible cells using a RNeasy Mini Kit
(Qiagen, #74104) according to the manufacturer’s instructions. Total RNA
samples underwent poly-A selection with a Dynabeads mRNA Purification
Kit (Thermo Fisher, #61006), and the resulting mRNA was quantified by
Nanodrop (Thermo Scientific). Selected mRNA from SCR and shMETTL16
cells was processed according to [17] and then immunoprecipitated
overnight with m°A antibody (Synaptic System, #202003) and with
respective IgG (Santacruz, #sc2027) controls. Protein-A Dynabeads (Thermo
Fisher, #1001D) were used to capture the RNA-antibody complex, and the
immunoprecipitated RNA was purified using a RNeasy Mini Kit (Qiagen,
#74104). RNA-seq libraries were prepared from eluted mRNAs following
the standard ILLUMINA mRNA protocol and sent to Novogene (Cambridge,
UK) for paired-end sequencing with the NovaSeq 6000 platform
(ILLUMINA).

meRIP-seq data processing

The meRIP-seq data analysis began with 3’-adapter trimming and data
quality assessment steps. After trimming, the average read length was
~134 bp for SCR input and IP samples, and ~136 bp for sShMETTL16 input
and IP samples. Suitable trimmed reads were then mapped to the human
genome (GRCh38.p13, release 39) using the STAR aligner [16]. On average,
SCR meRIP-seq libraries yielded ~32.5 million paired-end reads, and
shMETTL16 libraries yielded ~37.5 million paired-end reads. Peak calling
was performed with méaViewer [18], filtering out duplicate reads and any
alignments with a quality score below 37. Peaks with differential p-value
cutoff equal to 0.01, height threshold equal to 40, and log,FC>1 were
considered significant hyper/hypomethylated peaks. Integrative Genomic
Viewer [19] version 2.17.1 was run to visualize significant peaks in the
regions of interest. The processed data are presented in Supplementary
Table 2

Gene set enrichment analysis (GSEA)

To better characterize the phenotypical dynamics underlying differentially
expressed genes (DEGs), we performed gene set enrichment analysis
(GSEA) against the Hallmark biological states and processes gene sets. We
included only genes with a minimum read count of 20 in at least one
experimental condition. GSEA was used to filter pathways with a p-
value<0.05 and a false discovery rate (FDR)<0.05 using
GSEA_4.3.2 software as made available by the Broad Institute and the
University of California, San Diego (https://www.gsea-msigdb.org/gsea/
msigdb/index.jsp).

Gene ontology (GO) enrichment analysis

The biological function of the statistically significant hypomethylated-
upregulated genes was analyzed under p-value <0.05 as a statistical
difference screening condition.
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Gene Ontology and GO chord diagrams are produced through the
Bioinformatics cloud platform (https://www.bioinformatics.com.cn/, an
online platform for data analysis and visualization), with all the protein
coding genes as the background set.

ChIP-qPCR

ChIP was performed as previously described [20]. Briefly, cells were
crosslinked with formaldehyde (1% final concentration) for 12 min at room
temperature. To counteract the effects of formaldehyde, glycine was
added to achieve a final concentration of 125 mM. Next, cells were spun for
5 min at 1200 rpm, and the resulting pellet was washed two times with 1X
PBS. Cells were subsequently resuspended in lysis buffer B (10 mM EDTA,
0.5 mM EGTA, 20 mM HEPES, pH 7.7, 0.25% Triton X-100) and C (150 mM
NaCl, 1 mM EDTA, 50 mM HEPES pH 7.6, 0.5 mM EGTA) and subjected to
alternate incubation on rotation at 4°C for 10min. An additional
centrifugation was carried out to collect nuclei in buffer D (1 mM EDTA,
20 mM HEPES pH 7.6, 0.05% SDS, 0.5 mM EGTA, and protease inhibitors).
The resulting nuclei were subjected to sonication using a Bioruptor Pico
(Diagenode). Subsequently, samples were spun for 15 min at 13,500 rpm at
4°C, and supernatants were collected. To perform immunoprecipitation,
the following steps were taken: overnight incubation at 4 °C on a rotating
wheel with 5 ug of indicated antibody in incubation buffer 1X (150 mM
NaCl, 10 mM Tris pH 8, 1 mM EDTA, 1% Triton X-100, 0.5 mM EGTA, 0.15%
SDS, protease inhibitors, and 0.1% BSA). Additionally, 5% of each sample
was reserved as input for subsequent PCR analysis. The day after, samples
were spun at 1200 rpm for 5 min at 4°C, and 20 ul of Protein A/G PLUS
(Santa Cruz Biotechnology, #sc-2003) was added to the incubation mix.
The samples were incubated on a rotating wheel at 4 °C for an additional
2 h. Next, the samples were centrifuged at 1200 rpm for 5 min at 4 °C, and
the supernatant was discarded after four washes with 500 uL of each wash
buffer at 4 °C for 10 min each. After the final wash, 400 pL of elution buffer
was added, and elution was carried out for 30 min at room temperature on
a rotating wheel. Then, 400 uL of the sample was supplemented with
125mM NaCl and subjected to overnight de-crosslinking at 65 °C. The
following day, protein degradation was achieved by incubating the sample
with 40 ug proteinase K, 0.5M EDTA, and 1 M Tris pH 6.5 at 45 °C for 1 h.
Following extraction of DNA using a MinElute Reaction Cleanup Kit
(Qiagen, #28204), the subsequent analysis was conducted by real-time PCR
on the obtained samples. The indicated antibodies were used for ChiIP
analysis. Anti-lgG antibodies were used as a negative control.

Annexin V/PI staining

Allophycocyanin Annexin V/Propidium lodide assay (Invitrogen, #A35110)
was performed according to the supplier's instructions. Briefly, shRNA-
transduced cells (2x10A5 cells) were harvested in cold PBS. Centrifuged
cells were resuspended in 100 ul Annexin binding buffer (10 MM HEPES,
2.5 mM CaCl, pH 7.4, and 140 mM NaCl) and adjusted to the concentration
of 1x1076 cells/mL. Subsequently, 5 pl of the Annexin V Conjugated ab
was added, and the samples were incubated at room temperature for
15 min. After incubation, 400 pl of Annexin binding buffer and 1 pl of PI
(100 pg/mL) were added, and the samples were immediately analyzed. The
results were acquired on a BD FACS Cantoll flow cytometer system (BD
Biosciences).

Cell counting kit-8 assay (CCK8)

Cell counting Kit-8 (Elabscience, #E-CK-A362) was used to evaluate cell
viability. Briefly, 5 x 103 cells were seeded in 96-wells plates and kept in
an incubator for the indicated time. A total of 10 ul of CCK8 reagent was
added to each well, and the plate was incubated for 4h at 37°C.
Subsequently, absorbance values were read using a Infinite 200 microplate
reader (Tecan) at 450 nm.

Actinomycin D assay

SCR- and shMETTL16-transduced cells were treated with 4 ug/mL
Actinomycin D (Sigma Aldrich, #A1410) for the indicated time and then
harvested by centrifugation. RNA was extracted using an RNeasy Mini Kit
(Qiagen, #74104) and reverse-transcribed with a RevertAid RT Kit (Thermo
Fisher, #K1691). The resulting cDNA was used for RT-qPCR analysis.

Co-immunoprecipitation
Co-immunoprecipitation (Co-IP) of SCR- and shMETTL16-infected cells was
performed in non-denature conditions as previously described [20]. In

SPRINGER NATURE


https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://www.gsea-msigdb.org/gsea/msigdb/index.jsp
https://www.gsea-msigdb.org/gsea/msigdb/index.jsp
https://www.bioinformatics.com.cn/

G. Bove et al.

brief, protein lysates were immunoprecipitated with anti-MAX (Santa Cruz,
#5C801) and anti-lgG control (Santa Cruz, #sc2025) antibodies. Immuno-
precipitated samples were subjected to Protein-G Dynabeads (Thermo
Fisher, #1003D) selection. The resulting eluates were run for WB analysis.

RNA immunoprecipitation

RIP analysis was performed according to [21]. Briefly, 1076 cells were
resuspended in nuclear isolation buffer (40 mM Tris-HCl pH 7.5, 1.28 M
sucrose, 20 mM MgCl2, and 4% Triton X-100) and centrifuged for 15 min at
2500 rpm. Next, the nuclear pellets were resuspended in 1 mL RIP buffer
(150 mM KCI, 5mM EDTA, 25 mM Tris pH 7.4, 0.5 mM DTT, 0.5% NP40,
100 U/mL RNAase inhibitor, and protease inhibitors), split into equal
fractions (IgG and IP) and sheared through sonication (5 cycles, 30's off/
30 s off). Nuclear membrane and debris were centrifuged at 13,000 rpm for
10 min. The respective antibodies (5 pg) were added to the supernatants
and incubated overnight with rotation at 4 °C. Protein-A/G beads were
incubated for 1h at 4°C. Pelleted beads were then centrifuged at
2500 rpm for 30 sec and washed three times in RIP buffer. RNA was eluted
using a RNeasy Mini Kit (Qiagen, #74104) according to the manufacturer’s
instructions. The resulting RNA samples were subjected to previous cDNA
synthesis for RT-qPCR reaction.

CAM Assay

Fertilized white Leghorn chicken eggs were obtained from Granja Santa
Isabel (Cérdoba, Spain) and kept for 8 days at 37 °C with 55% humidity.
After eight days of incubation, the eggshell was drilled on top of the air
chamber to create a small opening. Subsequently, 1x10A6 SCR and
shMETTL16 K562 cells were resuspended in 25pL of RPMI complete
medium (Thermo Fisher Scientific) and 25 pL of Matrigel (BD Biosciences)
and then incubated for 15 min at 37 °C. Next, the cell suspensions were
injected into the CAM of each egg. Embryos were euthanized by
decapitation after 15 days of development. Tumors were excised and
weighed, and splenic tissues were collected. DNA was extracted using a
DNeasy Blood and Tissue Kit (Qiagen, #69504) and used for RT-qPCR
analysis.

Statistical Analysis

Statistical significance was assessed using unpaired two-tailed Student’s
t-test and one-way ANOVA, with a p value < 0.05 considered statistically
significant. Details of the statistical tests used, and replicate numbers are
provided in the respective figure legends. Statistical tests can be
considered appropriate, according to the assessment of normality and
variance of data distribution. Neither randomization nor “blinding” of
investigators was used.

Chemical synthesis

General methods. For the synthesis of METTL16 inhibitors, starting
materials and solvents were purchased from commercial suppliers and
used without further purification. For "H NMR and '*C NMR measurements,
an accurately weighed amount of analyte (about 5.0-10.0mg) was
dissolved in 600 uL of deuterated chloroform (CDCls) or methanol (CDsOD).
The mixture was transferred into a 5mm NMR tube and the spectra were
acquired on a Bruker Advance 400 MHz or 700 MHz spectrometer, using
the residual signal of the deuterated solvent as internal standard. Splitting
patterns are described as singlet (s), doublet (d), triplet (t), quartet (q), and
broad (br); the values of chemical shifts (5) are given in ppm and coupling
constants (J) in Hertz (Hz). NMR data were processed with MestreNova
(version 8.1.1, Mestrelab Research). ESI-MS spectra analysis was carried out
on an LTQ-XL mass spectrometer. Spectra were recorded by infusion into
the ESI source using MeOH as a solvent. Column chromatography was
performed using 70-230 mesh, 60 A pore diameter silica gel. TLC analysis
was conducted using 5x20 aluminum foil-supported thin-layer silica gel
chromatography plates (F254 indicator) with a thickness of 0.25 mm, using
the UV as detection method (225 nM), and ninhydrin and phosphomolyb-
dic acid as staining agents.

CDH24-20. To a solution of 5-nitroindole (3.08 mmol, 500 mg) in dry
DMSO (1.5mL), NaH (60% w/w dispersion in mineral oil; 1.48 mmol,
53.28 mg) was added, and the reaction mixture was left under stirring for
1 h. Then, (bromomethyl)benzene (3.7 mol, 0.440 mL) was added, and the
reaction mixture left under stirring for 2 h. After the reaction time had
elapsed, saturated aqueous ammonium chloride solution was added and
washed with EtOAc three times. The organic layers were collected, dried
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over Na2SO4, and concentrated under reduced pressure. The reaction
crude was purified by liquid chromatography on silica gel (Hexane/EtOAc
3:1), affording 1-benzyl-5-nitroindole with 75% yield.

Iron (11 mmol, 621 mg) and ammonium chloride (22.2 mmol, 1.2 g) were
added to a solution of 1-benzyl-5-nitroindole (2.22 mmol, 560 mg) in EtOH/
H20 (4:1 v/v). Then, the reaction mixture was heated at reflux (80 °C) for
5 h. After the reaction time had elapsed, the solvent was removed under
reduced pressure and the reaction mixture’s pH was adjusted with a
saturated aqueous NaHCO; solution and extracted three times with DCM.
The organic layers were collected and dried over Na,SO,, filtered, and
concentrated under reduced pressure. The crude reaction was purified by
liquid chromatography on silica gel (DCM/MeOH 100:1 v/v) to afford 1-
benzylindol-5-amine with 77.7% yield (384 mg).

To a solution of 1-benzylindol-5-amine (1.73 mmol, 384 mg) in dry DMF,
pTsOH (1.73 mmol, 298 mg) and sodium dicyanamide (5.1 mmol, 454 mg)
were added, and the reaction mixture was allowed to stir for 5 h at 50 °C.
After the reaction time had elapsed, water was added to the reaction
mixture and the precipitate was filtered and concentrated under reduced
pressure to afford 1-(1-benzylindolin-5-yl)-2-cyanoguanidine, which was
used in the next reaction step without further purification.

To a solution of compound T1-(1-benzylindolin-5-yl)-2-cyanoguanidine
(0.73 mmol, 497 mq) in dimethoxyethane, boron trifluoride diethyl etherate
(8.65 mmol, 1 mL) was added at 0°C, and the reaction mixture was then
heated to 60 °C and allowed to stir for 12 h. After the time reaction had
elapsed, volatile components were evaporated under reduced pressure.
Then, a solution of 1 M NaOH was added dropwise to the residue dissolved
in MeOH and allowed to stir. The crude material was obtained by filtering
the precipitate and was then purified by liquid chromatography on silica
gel (DCM/MeOH/TEA 100:0.5:0.02 v/v), affording the desired product
CDH24-20. '"H NMR (400 MHz, CD50D) & 7.58-7.40 (m, 2H), 7.18-7.10 (m,
2H), 7.02 (d, J= 8.8 Hz, 2H), 6.93-6.88 (m, 2H), 5.36 (s, 2H).

CDH24-21. Following the same procedure used for the preparation of 1-
benzyl-5-nitroindole, 1-(4-chlorobenzyl)-5-nitroindole was obtained start-
ing from 5-nitroindole (1.23 mmol, 200mg) and 1-(bromomethyl)-4-
chlorobenzene (1.48 mol, 303 mg), affording the desired compound with
80% yield. 1-(4-Chlorobenzyl) indolin-5-amine was obtained following the
same synthesis procedure used for the preparation of 1-benzylindol-5-
amine, starting from 1-(4-chlorobenzyl)-5-nitroindole (0.35 mmol, 100 mg)
to afford the desired product with 58% yield (52 mg).

1-(1-(4-Chlorobenzyl)indol-5-yl)-2-cyanoguanidine was obtained follow-
ing the same synthesis used for the preparation of 1-(1-benzylindolin-5-yl)-
2-cyanoguanidine, starting from 1-(4-chlorobenzyl) indolin-5-amine
(0.137 mmol, 45 mg) and affording the desired product with quantitative
yield. "H NMR (700 MHz, CDCl) & 8.01 (s, 3H), 7.53 (s, 2H), 7.27 (dd, J = 13.8,
6.8Hz, 7H), 7.24-7.20 (m, 3H), 7.02 (dd, J=19.3, 8.4Hz, 8H), 6.58 (d,
J=2.9Hgz, 2H), 5.32-5.20 (m, 6H).

CDH24-21 was obtained following the same synthesis procedure used
for the synthesis of CDH24-20, starting from 1-(1-(4-Chlorobenzyl) indol-5-
yl)-2-cyanoguanidine (0.44 mmol, 150 mg) and affording the desired
product with 46% yield. "H NMR (400 MHz, CD;0D) & 7.63-7.56 (m, 1H),
7.43-7.39 (m, 1H), 7.18-7.10 (m, 2H), 7.04 (d, J=8.9Hz, 2H), 6.92 (dd,
J=9.1, 4.6 Hz, 2H), 5.40 (s, 2H).

RESULTS

METTL16 is overexpressed in AML and sustains leukemic cell
proliferation

To investigate the potential oncogenic role of METTL16 in human
cancer, we investigated its expression levels in different clinically
annotated cancer types and their non-transformed counterparts
(TGCA and GTEx databases [22]; TNMplot analysis). Interestingly,
we found that levels of METTL16 were markedly differentially
expressed in acute myeloid leukemia (AML) compared to non-
transformed myeloid blood cells (Fig. 1A and Supplementary Fig.
1A) [23]. Elevated expression of METTL16 was also observed across
various AML subtypes (Supplementary Fig. 1B). High levels of
METTL16 in AML were further corroborated by examining
METTL16 expression in ex vivo primary human AML blasts
compared to CD34" cells. METTL16 was significantly overex-
pressed in all primary leukemic blasts analyzed, relative to CD34"
cells (Fig. 1B and Supplementary Fig. 1C). Upregulation of
METTL16 was also observed in leukemic cell lines compared to
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CD34" (Supplementary Fig. 1D). Given the established role of
METTL3 in AML survival [9, 24, 25], we analyzed genome-wide
CRISPR-Cas9 knockout (KO) data from different leukemic cell lines
in the DepMap database [26]. Noteworthy, we found that the
METTL16 gene is more essential than METTL3 for AML progression
(Supplementary Fig. 1E).
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Subsequently, to explore the METTL16 dependency of AML cells
we transduced K562, U937, NB4, HL-60 and OCI-AML3 cell lines
with lentiviral plasmids harboring two independent short hairpin
RNAs  (shRNAs) targeting METTL16  (shMETTL16.1 and
shMETTL16.2) and a non-targeting shRNA (SCR). We then
determined knockdown (KD) efficacy (Fig. 1C, Supplementary
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Fig. 1 METTL16 is overexpressed in AML, sustaining leukemic cell growth. A Expression of METTL16 in AML (LAML) and normal cells from
TGCA and GTEx databases (*P < 0.05). B RT-gPCR analysis of METTL16 expression in primary AML blasts compared with CD347 (n = 3) (*P<0.01;
**¥P < 0.001). C Western blot (WB) analysis showing METTL16 protein levels in SCR, shMETTL16.1, and shMETTL16.2 cells upon 4 days of
puromycin selection (n = 3). D Colony formation assay in SCR and METTL16-depleted K562 cells (n = 3) (***P < 0.001). E Proliferation assay of
shMETTL16.1-, shMETTL16.2-, and SCR-transduced K562 cells (n=3) (**P<0.01). F CCK8 viability assay performed in shMETTL16.1-,
SshMETTL16.2-, and SCR-infected K562 cells (n=3) (***P <0.001). G Proliferation assay following CDH24-20 and CHD24-21 treatment at the
indicated concentrations in K562 cells (n = 3) (***P < 0.001). H CCK8 viability assay performed in K562 cells upon treatment with CDH24-20 and
CHD24-21, used at the indicated concentrations (n=3) (***P <0.001). One-way analysis of variance (ANOVA) non-parametric, was used to
:alculate the statistical significance of SCR vs shAMETTL16.1 and SCR vs METTL16.2 in (B, E, F, G, and H); Student’s t test was used in (D).

Fig. 2A, D, G, L) and carried out phenotypic analyses. Intriguingly,
we observed that targeting METTL16 strongly affected rates of
AML cell growth compared to SCR (Fig. 1E and Supplementary Fig.
2B, E, H, M). Consistent with AML proliferation arrest, sShMETTL16-
transduced cells showed a reduced colony formation capability
compared to SCR (Fig. 1D and Supplementary Fig. 1F). In addition,
depletion of METTL16 was able to impair AML cell viability (Fig. TF
and Supplementary Fig. 2C, F, |, N). Together, these findings
indicate that METTL16 is overexpressed in AML and is crucial for
leukemic cell growth and proliferation.

Next, we assayed the sensitivity of AML cells to CDH24-20 and
CHD24-21, two first-in-class small molecule inhibitors of METTL16
(METTL16i) (patent n. US2022/0339155A1). Both molecules
demonstrated high selectivity for METTL16 over METTL3 (Supple-
mentary Fig. 3A) and exhibited a cellular 1C50 value of
approximately 2 uM (Supplementary Fig. 3B). To further confirm
the inhibitors’ specificity, we also analyzed METTL3-regulated
gene expression following compound treatment [27]. Remarkably,
METTL3 targets were unaffected by CHD24-20 and CHD24-21
(Supplementary Fig. 3C). We next investigated the effects of
METTL16-targeting molecules on the phenotype of leukemic cells.
Proliferation of K562 cells was markedly reduced upon CDH24-20
and CHD24-21 treatment compared to DMSO-treated (CTRL) cells
(Fig. 1G). We also corroborated the growth-inhibitory activity of
CDH24-20 and CHD24-21 by evaluating inhibition of cell viability
following METTL16i treatment (Fig. TH).

Taken together, these results further indicate a crucial require-
ment for METTL16 activity in sustaining AML cell growth that can
be efficiently inhibited using CDH24-20 and CHD24-21 molecules.

Depletion of METTL16 induces programmed cell death in AML
We then examined the induction of cell death in AML cells
following METTL16 depletion. We explored apoptosis onset by
analyzing the fraction of Annexin V-positive cells. Strikingly,
shMETTL16-transduced AML cells showed an increased percen-
tage of apoptotic cells compared to SCR (Fig. 2A and Supplemen-
tary Fig. 4A-C). Induction of cell death was also corroborated by
the significant increase in lactate dehydrogenase (LDH) release by
METTL16-suppressed cells compared to SCR (Fig. 2B). In addition,
cleavage of Poly (ADP-ribose) polymerase (PARP) was measured in
K562 cells. As expected, METTL16 KD cells revealed the presence
of PARP-cleaved fragments (Fig. 2C). Conversely, no activation of
PARP was observed in SCR cells (Fig. 2C). Conceivably, CDH24-20
and CHD24-21 treatment triggered apoptosis induction, similarly
to the effects observed in shRNA-mediated METTL16 depletion
(Fig. 2D, E and Supplementary Fig. 4D). Together, these findings
indicate that depletion/inhibition of METTL16 induces apoptosis in
AML cells.

METTL16 regulates crucial pathways involved in leukemic cell
survival

To gain insight into the molecular mechanisms by which METTL16
depletion arrests AML cell growth, we conducted RNA sequencing
(RNA-seq) experiments on shMETTL16- and SCR-infected K562
cells. A total of 973 deregulated transcripts Abs(Log2FC)>1;
p <0.05 were identified, 306 downregulated (31%) and 667
upregulated (69%) genes following METTL16 depletion (Fig. 3A).

SPRINGER NATURE

Gene Set Enrichment Analysis (GSEA) revealed the top gene sets
enriched in SCR and shMETTL16. Interestingly, depletion of
METTL16 resulted in suppression of cell proliferation pathways,
including MYC and E2F targets, and activation of antiproliferative
and pro-apoptotic pathways, such as apoptosis and tumor
necrosis factor alpha (TNFa) signaling. (Fig. 3B, C, and Supple-
mentary Fig. 5A, B). Notably, although the MYC target gene set
scored as the most affected following METTL16 silencing, MYC
expression remained unaltered (Fig. 3B, C and Supplementary
Figs. 5B, 7A, 7B).

Together, these findings indicate that METTL16 silencing affects
key proliferative pathways in AML.

Depletion of METTL16 perturbs the m°A epitranscriptome in
AML

Since METTL16 places m®A on target transcripts, we explored the
impact of mPA dynamics perturbation on gene expression
changes driven by shMETTL16. For this purpose, lentiviral vectors
harboring Tet-On inducible ShMETTL16 plasmids were generated
and used to infect K562 cells. SCR- and shMETTL16-transduced
cells were then treated with doxycycline (1 pg/mL), and silencing
efficiency was evaluated (Supplementary Fig. 6A). Subsequently,
to identify on-target mRNA changes in m®A, we carried out m°A
immunoprecipitation followed by high-throughput methylated
RNA immunoprecipitation sequencing (meRIP-seq) in sShMETTL16-
and SCR-transduced K562 cells. Our analysis revealed dynamic
variations in m°A sites. Overall, the total number of transcripts
detected by meRIP-seq with a P value <0.05 was 7000 for
shMETTL16 and 7178 for SCR, respectively. As a result of METTL16
depletion, meRIP-seq analysis revealed that 2350 sites gained m°A,
whereas 3,070 sites lost the modification (|log,FC|> 1, P <0.05;
Fig. 3D). Specifically, a total of 1724 genes lost m°A (hypomethy-
lated) and 1204 genes gained m°A (hypermethylated) following
METTL16 depletion (|Log,FC=1|; MeRIP-seq p <0.01; RNA-seq
adjusted P < 0.05), (Supplementary Fig. 6B). In addition, consider-
ing m®A distribution, most peaks were equally located at coding
sequences (40%) and 3'UTR (40%), while 10% of the peaks were
present at 5'UTR, and the remainder were distributed among
intronic and intergenic regions (Supplementary Fig. 6C). Interest-
ingly, hypomethylated transcripts were enriched for genes
associated with the TNFa signaling pathway (Supplementary Fig.
6D). In addition, GO analysis of concomitantly upregulated and
hypomethylated genes (Log,FC > 1; p <0.01) identified a signifi-
cant enrichment of pathways associated with leukemic prolifera-
tion (Fig. 3F and Supplementary Fig. 6B). These results indicate
that METTL16 KD perturbs the m6A epitranscriptome, which may
in turn influence the expression of selected genes.

Loss of m°®A following METTL16 depletion increases RNA
stability of MXD4

It is well documented that MYC plays a pivotal role in sustaining
the proliferation of leukemic cells. Consequently, identifying novel
molecular targets involving MYC regulatory pathways is critical for
designing novel anticancer strategies. Given the marked reduction
in the expression of MYC target genes without any corresponding
change in MYC expression itself (as shown by RNA-seq performed
at an early time point; Supplementary Fig. 7A) nor in its
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Fig. 2 Depletion of METTL16 induces apoptosis in AML. A Heatmap showing percentage of Annexin V/PI positive cells in SCR-,
shMETTL16.1-, and shMETTL16.2-transduced K562, U937, and OCI-AML3 cell lines (** P < 0.01; ***P <0.001) (n = 3). B LDH assay showing cell
death in SCR and METTL16-silenced K562 cells (n=3) (**P<0.01; *P <0.05). C WB analysis showing PARP protein levels in shMETTL16.1-,
shMETTL16.2-, and SCR-transduced K562 cells (n = 3). D PI analysis following 72 h treatment with CDH24-20 and CHD24-21 in K562 at the
indicated concentrations (n = 3) (***P < 0.001). E WB analysis showing PARP protein levels in K452 cells following 72 h treatment with CDH24-
20 and CHD24-21 compounds (n = 3). One-way analysis of variance (ANOVA), non-parametric, was used to calculate the statistical significance

of SCR vs shMETTL16.1 and SCR vs METTL16.2 in (A, B, and D).

methylation status (Supplementary Fig. 7C), we investigated
potential alterations in the activity of the MXD family proteins
(MXD1, MXD3, MXD4, and MXD5). MXD proteins are known to
counteract the oncogenic function of MYC by competing for
binding with its transcriptional coactivator MAX and repressing
the transcription of MYC target genes [28, 29]. Notably, among the
MXD genes that exhibited loss of methylation following METTL16
knockdown, MXD4 emerged as a significantly hypomethylated
target (Figs. 3D, E, and Supplementary Fig. 7B). Interestingly,
MXD4 showed also a strong inverse correlation with METTL16
(Supplementary Fig. 7D). Therefore, to corroborate the potential
binding of METTL16 to MXD4 mRNA, we carried out RNA
immunoprecipitation experiments (RIP). Interestingly, the
METTL16 pull-down assay followed by Real-time gqPCR (RT-qPCR)
revealed a strong enrichment of MXD4 mRNA, while no binding
was found in the control (Fig. 4A). Since m°CA loss is frequently
associated with alteration of transcript stability causing either
stabilization or destabilization [6], an Actinomycin D time course
assay was conducted to assess the stability of MXD4 mRNA upon
METTL16 KD. Intriguingly, depletion of METTL16 significantly
enhanced the stability of MXD4 mRNA (Fig. 4B). In contrast, levels
of MXD4 mRNA were sharply reduced in SCR-transduced cells (Fig.
4B). Consequently, levels of MXD4 RNA were found to be
upregulated in shMETTL16 compared to the SCR samples
(Supplementary Fig. 6E). Next, we analyzed MXD4 protein levels

Oncogene

following both METTL16 KD and METTL16 inhibition. As expected,
Western Blot (WB) analysis showed a marked time-dependent
increase of MXD4 in shMETTL16- compared to SCR-transduced
cells (Fig. 4C and Supplementary Fig. 6F). Likewise, an increase in
MXD4 was also observed following treatment with CDH24-20 and
CHD24-21 in K562 cells (Fig. 4D). Notably, methylation levels of
MYC transcript were unaffected upon METTL16 depletion
(Supplementary Fig. 7C). Together, these data suggest the
involvement of METTL16 in regulating MXD4 expression in an
m®A-dependent manner.

METTL16 controls MYC activity via MXD4 mRNA stabilization
We then explored the impact of shMETTL16-driven MXD4
overexpression on MYC activity. We observed a decreased
expression of MYC target genes in METTL16-depleted cells
compared to the SCR at 5 days post-infection (Fig. 4F,
Supplementary Fig. 7B). Similarly, treatment with CDH24-20 and
CHD24-21 was able to impair MYC-regulated gene expression (Fig.
4G). Subsequently, we investigated the mechanism underlying
MYC inhibition. Immunoprecipitation of MAX showed an
increased association of MXD4 to the MYC binding partner MAX,
with a concomitant increase in MXD4-MAX complexes in
shMETTL16 compared to SCR at 5 days post-infection (Fig. 4E).
Surprisingly, we also observed that MXD4 upregulation was
associated with reduced MYC protein levels; however, the profile

SPRINGER NATURE
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Fig. 3 METTL16 silencing affects crucial pathways involved in AML survival and perturbs the m°A epitranscriptome of leukemic cells. A Pie chart
showing the percentage of upregulated and downregulated genes following METTL16 suppression compared to SCR in K562 cells (Log2FC > 1;
P < 0.05). RNA-seq was carried out after 4 days of puromycin selection. B GSEA showing the top differential hallmark gene sets (P < 0.05) associated with
shMETTL16 and SCR cells (NES indicates the normalized enrichment score). C GSEA analysis showing the “MYC targets” and “apoptosis” hallmark gene
sets in (1) ShAMETTL16- (P <0.01 and FDR < 0.01) and (2) SCR- transduced K562 cells (P <0.01 and FDR < 0.01). D Scatter plot depicting the log2 fold
changes methylation gene sites in SCR (x-axis) versus ShMETTL16 (y-axis). Methylation in 5 UTR of MXD4 and exon 6 of MXD1 have been highlighted.
E Integrative Genomics Viewer (IGV) visualization of m°A peak at the 5'UTR region of MXD4 in SCR and shMETTL16 samples (P < 0.01). F GO analysis of
hypomethylated and upregulated genes following METTL16 depletion. Significant enrichment was defined using an unadjusted p value.
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shMETTL16.1, and shMETTL16.2 K562 cells (n=3) (*P < 0,05). C WB analysis of MXD4 in SCR-, ShMETTL16.1-, and shMETTL16.2-transduced
K562 cells (n =3). D WB analysis showing MXD4 protein levels following 48 h treatment with METTL16i (n = 3). E IP of MAX in shSCR and
shMETTL16 transduced K562 cells at 5 days post-infection (n = 3). Immunoblot was performed with the indicated antibodies. F RT-qPCR
showing expression of the indicated genes in SCR, shMETTL16.1, and shMETTL16.2 cells at 5 days post -infection (n=3) (***P <0.001;
**P < 0.01). G RT-gPCR showing expression of the indicated genes following 48 h treatment with METTL16i (n = 3) (***P <0.001; **P < 0.01).
One-way analysis of variance (ANOVA), non-parametric, was used to calculate the statistical significance of SCR vs shMETTL16.1 and SCR vs

METTL16.2 in (B, F), and NT vs CDH24-20, NT vs CDH24-21 in (G); Student’s t test was used in (A).

of MYC reduction was found to be time dependent, with
disruption of MYC expression occurring only as a late event
(10 days post-infection) following METTL16 depletion (Fig. 5A and
Supplementary Fig. 6F). Notably, MXD proteins were previously
shown to bind the MYC promoter and repress its expression [30].
Consequently, to explore mechanisms underlying MYC silencing
(observed as a late event) following METTL16 depletion, we
investigated MXD4 occupancy at the MYC promoter region.
Intriguingly, chromatin immunoprecipitation-qPCR (ChIP-qPCR)
experiments revealed the binding of MXD4 at MYC regulatory
sites in ShMETTL16-, but not in SCR-transduced cells, at 10 days
post-infection (Fig. 5B).

To corroborate the dual (early and late) mechanism(s) of MYC
inhibition driven by METTL16 KD, we performed a time-point

Oncogene

treatment of leukemic cells with METTL16i (Fig. 5C). Strikingly,
treatments at early time points (6 h and 12 h) showed increased
protein levels of MXD4, accompanied by no change in MYC
expression (Fig. 5C). Therefore, we selected these two time points
and analyzed RNA levels of MYC targets. As expected, expression
of MYC-driven genes was reduced at 6 h and 12 h post-treatment
(Fig. 5D), suggesting the counteracting activity of MXD4 on MYC-
MAX complex. On the contrary, late time point treatments (24 h
and 48h) suppressed MYC expression (Fig. 5C), indicating a
repression of MYC transcription upon increased MXD4 expression
(late event).

To further elucidate the role of MXD4 in the shMETTL16-driven
phenotype, we silenced MXD4 expression in ShMETTL16-
transduced K562 cells (Fig. 6A). Excitingly, suppression of MXD4

SPRINGER NATURE
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Fig.5 METTL16 depletion impacts on MYC expression. A WB analysis of MYC protein levels in SCR- and shMETTL16-transduced cells at 10-
and 5-days post-infection, respectively. B ChIP-qPCR of MXD4 at MYC-regulated genomic regions (R1-4) in SCR and shMETTL16 cells (n = 3)
(***P < 0.001). The experiment was performed after 10 days of puromycin selection. C WB analysis showing MXD4 and MYC protein levels
following time-points treatment with METTL16i (n = 3). D RT-gPCR showing expression of the indicated genes following time-point treatment
(6 and 12 h) with METTL16i (n = 3). One-way analysis of variance (ANOVA) non-parametric, was used to calculate the statistical significance of

NT vs 6 h and NT vs 12 h in (D); Student’s t test was used in (B).

was able to rescue the expression of MYC-regulated genes (Fig.
6B). Additionally, dual METTL16 and MXD4 KD restored prolifera-
tion rate and cell viability compared to cells infected with
shMETTL16 alone (Fig. 6C, D). Interestingly, apoptosis triggered
by METTL16 KD was also attenuated upon MXD4 depletion (Fig. 6E
and Supplementary Fig. 7E). Notably, shMXD4 alone does not
affect the proliferation and apoptosis of leukemic cells (Supple-
mentary Fig. 8A-D). Taken together, these results show that the
MXD4-MYC axis crucially promotes leukemic cell arrest following
METTL16 depletion.

Depletion of METTL16 KD impairs leukemogenesis in an in ovo
xenograft model

We further investigated the antileukemic efficiency of METTL16
silencing using an in ovo xenograft model. This model evaluates
the ability of malignant cells to form tumoroids on the top of
chicken embryo chorioallantois membrane (CAM) [31]. Initially,
SCR and shMETTL16 K562 cells were delivered on the upper CAM
membrane, enabling cell engraftment (Fig. 7A, B). Subsequently,
the embryos were sacrificed, and both tumor weight and cell
metastatic potential were measured (Fig. 7A). As expected, we
observed a strong reduction in tumor pellets in shMETTL16-
compared to SCR-injected embryos (Fig. 7C). In addition, we
quantified engrafted cell distribution along the embryo spleen by
RT-qPCR. We specifically analyzed the expression of human- and
chicken-related sequences in the spleen [32]. Our results revealed
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an enrichment of Alu sequences in SCR compared to shMETTL16,
supporting a reduced migration of METTL16-depleted cells
compared to the control (Fig. 7D). Collectivity, these findings
further support the METTL16 dependency of leukemic cells for
cancer growth in ovo.

DISCUSSION AND CONCLUSION

In recent years, m®A has emerged as a crucial regulator of the RNA
life cycle and a key determinant of the fate of oncogenic- and
oncogenic-related transcripts in tumor context [7]. The main m°®A
writer, METTL3, is reported to be overexpressed in several cancers,
including AML [24]. METTL3 was shown to be essential for
maintaining the leukemic state and differentiation blockage, but
also for supporting AML cell proliferation and conferring tumor
chemoresistance [24, 33]. Similarly, the recently identified
METTL16, an independent m°A methyltransferase, was found to
be involved in AML proliferation by enhancing the expression of
BCAA aminotransferase genes [14]. However, METTL16 may exert
its oncogenic activity and impact on leukemogenesis through
multiple molecular axes that are still unexplored. Our study shows
that METTL16 is a regulator of the MXD4-MYC-MAX axis,
supporting AML tumorigenesis in an mSA-dependent manner.
By targeting METTL16 we showed its oncogenic role in promoting
AML cell growth, which is compatible with the proliferation arrest
and apoptosis induction observed in METTL16-depleted cells.
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Interestingly, unlike METTL3, which is also crucial for leukemic cell
survival [24], we found that METTL16 is overexpressed in AML
compared to normal cells. However, the mechanisms and path-
ways driving aberrant METTL16 expression in AML cells were not
addressed in this study and will thus require further investigation.

Strikingly, we found that depletion of METTL16 alters the leukemic
cell transcriptional program affecting expression of key proliferative
genes and enhancing expression of genes involved in apoptosis.
Concomitantly, in our experimental setting, meRIP-seq analysis
showed that more than 1000 genes lost the m°A modification
following METTL16 KD, and hundreds of these genes also underwent
a significant change in their expression levels (SupplementaryFig. 6B).
Although most changes in m°A levels did not affect transcript
abundance, it is important to consider that m°A modifications
regulate multiple aspects of RNA metabolism, including processing,
nuclear export, splicing, secondary structure modulation, and
translation efficiency. Therefore, while many mRNAs undergo
methylation, this does not necessarily lead to changes in their
steady-state levels. In contrast to previously published article [14], we
identified a lower number of hypomethylated transcripts, which
might be explained by the potential cell context-dependent activity of
METTL16 and/or redundant methylation effects due to METTL3.
Notably, both processes are not mutually exclusive.

MYC is an established oncogene that promotes the expression
of cell growth-inducing genes enhancing tumor intrinsic and
tumor microenvironment interactions, ultimately promoting
tumor progression and drug resistance [34]. It also plays a crucial
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role in the proliferation and progression of AML [35]. Therefore,
targeting MYC has the potential to open a clinically therapeutic
window for leukemic treatment. However, intrinsic disorders of
MYC functional domains and the absence of an enzymatic task
have to date precluded structure-driven drug design [36].
Remarkably, the high-affinity interaction between MYC and its
transcription partner MAX has contributed to preventing the
synthesis of high-potency MYC inhibitors [36]. Here, we describe
an alternative manner to target MYC activity via the stabilization of
MXD4 mRNA. MXD4 heterodimerizes with MAX and binds the
DNA at the same consensus motifs as MYC-MAX, repressing MYC
target transcription [37]. Specifically, we demonstrate that
silencing or inhibition of METTL16 significantly affects MXD4
mRNA methylation, leading to its stabilization and subsequent
increase in MXD4 protein levels. Presumably, the elevated MXD4
protein levels compete with MYC for binding to MAX, thereby
counteracting the activity of the MYC-MAX complex, consistent
with the corresponding decrease in the activity of MYC.
Surprisingly, we also found that METTL16 depletion reduced
MYC expression without affecting the methylation of MYC mRNA,
suggesting that METTL16 silencing activates other mechanisms
that contribute to suppressing MYC activity (Supplementary Fig.
7C). Specifically, we observed that increased levels of MXD4 were
associated with reduced MYC expression. Thus, based on previous
findings suggesting that MXD proteins can modulate MYC
expression [30], we performed ChIP-gPCR analysis and found an
increased binding of MXD4 to MYC regulatory regions, indicating
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the direct involvement of MXD4 in regulating MYC expression.
These results suggest a dual layer of MYC regulation upon
METTL16 KD. Notably, silencing or inhibition of METTL16 results in
a gradual increase in MXD4, which at early time points may
compete with MYC for binding MAX, thereby attenuating MYC-
MAX activity and down-regulating MYC target genes. While at a
later point, MXD4 can directly bind to MYC promoter regions,
repressing MYC transcription and contributing to its down-
regulation. The two experimental approaches, shRNA-mediated
silencing and enzymatic targeting of METTL16, differ in their
temporal dynamics. In the case of shMETTL16 infection, an
increase in MXD4 protein levels is observed at 5 days post-
infection (Supplementary Fig. 6F), while in the enzymatic
treatment, the increase is observed just 12 h post-treatment (Fig.
5C). At early time points, 5 days post-infection and 12 h post-
treatment, we propose that elevated MXD4 competes with MYC
for binding MAX (Fig. 4E), leading to the downregulation of MYC
target genes without altering MYC mRNA levels. (Fig. 4F, Q).
Notably, as expected, RNA-seq analysis performed at early time
point didn’t show alteration of MYC transcript level (Supplemen-
tary Fig. 7A). At later time points, 10 days post-infection and 48 h
post-treatment, MXD4 directly binds to the MYC promoter (Fig.
5B), repressing MYC transcription and contributing to the
observed downregulation of MYC expression (Fig. 5A, C). Notably,
we did not observe a significant reduction in MYC expression
following METTL16 depletion in RNA-seq analysis (Supp. Figure
6A), which may depend on the different time frame in which
shMETTL16, and SCR cells were harvested and processed. Since
MYC is found deregulated in about 70% of human cancers [38]
and because of its complex druggability, affecting the MYC
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pathway by targeting METTL16 represents an attractive opportu-
nity to fight not only leukemia but also, possibly, other cancers
whose survival is dependent on MYC expression.

The reversibility of m°A offers the possibility to target
epitranscriptome alterations, potentially providing new therapeu-
tic approaches. Compounds targeting METTL3 against cancer have
been synthesized, and one has already advanced to clinical trials
(NCT05584111) [39]. Excitingly, our findings reveal that the first
class of METTL16i markedly impairs leukemogenesis, adding
further evidence that may speed up the synthesis and optimiza-
tion of novel molecules inhibiting METTL16 enzymatic activity and
possibly allow their future transfer to the clinic. Our study also
provides a rationale to indirectly target MYC activity, paving the
way to novel therapeutic perspectives in AML.

In conclusion, we show that METTL16 supports AML prolifera-
tion by promoting the instability of MXD4 mRNA, which indirectly
activates the MYC-MAX complex, crucial for AML cell growth. Our
findings indicate possible avenues for the indirect modulation of
MYC activity, which may guide future investigation into ther-
apeutic strategies for AML.
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