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Xanthine derivatives were identified as inhibitors of the N°-methyl-
adenosine (m6A) demethylase activity of fat-mass-and-obesity-
associated protein (FTO) by activity-based high-throughput screening
using the m6A-sensitive ribonuclease MazF. Pentoxifylline exhibited
L-ascorbic acid concentration-dependent inhibitory activity against
FTO, an unprecedented mode of inhibition, indicating that L-ascorbic
acid is a promising key for designing FTO-specific inhibitors.

N®-Methyladenosine (m6A) is the most abundant RNA modifica-
tion in mRNAs and ncRNAs. The methyl modification is
installed by the writer complex and removed by eraser enzymes.
To date, two RNA demethylases, fat-mass-and-obesity-associated
protein (FTO) and alkB homolog 5 (ALKBHS5), have been identi-
fied as m6A erasers. Through its association with m6A reader
proteins, m6A modification plays a vital role in gene expression
by regulating mRNA stability, localization, translation, and
splicing." Thus, dysregulation of m6A erasers leads to abnor-
mal gene expression resulting in various m6A-driven diseases.
FTO has been reported to promote tumorigenesis such as VHL-
deficient clear cell renal cell carcinoma (ccRCC) tumours® and
acute myeloid leukemia (AML).> Therefore, small-molecule FTO
modulators are promising for anticancer therapy.®’

However, the development of FTO-selective inhibitors poses
a substantial challenge due to the fact that both FTO and
ALKBH5 are members of the Fe*'- and o-ketoglutarate (aKG)-
dependent AlkB dioxygenase family, sharing a jelly roll motif as
the catalytic domain for demethylating m6A.*° In fact, I0X-3, an
aKG-competitive FTO inhibitor, is also known to inhibit aKG-
dependent HIF-prolyl hydroxylases.'® The first FTO-directed
inhibitor, rhein, also inhibits the m6A demethylation activity of
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ALKBHS5."" Recent efforts in the structure-based virtual screening
for FTO active sites have led to the identification of FTO-specific
small molecules.”>™® However, knowledge based on inhibitory
modes and chemical backbones is still limited. A wide variety of
compounds with novel binding sites or backbones offers oppor-
tunities to understand the protein function, which would aid in
the elucidation of the FTO-dysregulated diseases. Therefore, the
development of activity-based screening assays is required to
identify FTO inhibitors with novel inhibitory mechanisms that
are not restricted to known binding pockets.

High-performance liquid chromatography (HPLC) and mass
spectrometry (MS) (HPLC-MS/MS)-based quantification of non-
methylated adenosine versus m6A has been widely used as a
conventional method for evaluating the demethylation activity of
eraser enzymes.'® This method is highly quantitative but not
adequate for high-throughput screening due to the time-
consuming procedures and large sample requirements. A single-
quantum-dot (QD)-based fluorescence resonance energy transfer
(FRET) sensor using a methyl-sensitive restriction enzyme, DpnlI,
allows for the highly sensitive detection of FTO demethylation with
low sample consumption.”” However, it uses DNA rather than RNA
as the substrate and involves a multi-step procedure. Fluorescent
RNA probes dependent on the methylation state of adenosines
facilitate the activity-based high-throughput screening,"®" even
though the m6A-containing RNA sequences that form the probe
structure are not consensus methylation sequences.

Here, the MazF endoribonuclease was utilized to perform
activity-based high-throughput screening of FTO-selective inhibi-
tors. We previously found that MazF, which cleaves single-
stranded RNA at ACA sequences, does not cleave (m6A)CA
sequences.” Its applicability in monitoring FTO activity has been
previously demonstrated.* > A 13-mer ssDNA/RNA chimera probe
(5" FAM-CAT r(GGm6ACA) TATGT-3' BHQ-1) containing a typical
methylation sequence, GG(m6A)CA, and labeled with a fluorescent
dye and quencher at both ends, was used for the demethylation
substrate by m6A demethylases. The demethylation activity of FTO
and ALKBHS5 can be evaluated based on increased fluorescence
intensity, which is observed after MazF treatment, as it cleaves the
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Fig. 1 Principle of the identification of FTO inhibitors using activity-based
high-throughput screening with m6A-sensitive ribonuclease, MazF. The
self-quenched dual-labeled FRET probe (ssDNA/RNA chimera probe; 5
FAM-CAT r(GGm6ACA) TATGT-3’ BHQ-1) was used as the substrate for
FTO. Only demethylated probes are cleaved by MazF, resulting in
increased fluorescence. Inhibition of the demethylation activity of FTO is
reflected by a decrease in the fluorescence intensity of MazF-treated
samples.
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demethylated fraction of the FRET probe, leading to the separation
of the fluorophore and the quencher (Fig. 1).*° To confirm its
validity of this system as a high-throughput screening system, a
Z'-factor in the presence of 400 nM FTO was calculated to be 0.67,
which exceeded the valid index of 0.5 (Fig. S1, ESIT).>

Chemical libraries containing bioactive lipids, endocanna-
binoids, and neurotransmitters were screened, because FTO
regulates adipogenesis® and neurogenesis.”> Among approximately
400 bio-active compounds, four compounds (1; lisofylline (LSF), 2;
8-(p-sulfophenyl)theophylline, 3; 3-isobutyl-1-methylxanthine, and 4;
3,7-dimethyl-1-propargylxanthine) inhibited the demethylation
activity of FTO at ICs, values <50 pM without inhibiting either
the demethylation activity of ALKBH5 (Fig. 2 and Fig. S2, ESIt) or
the RNA cleavage activity of MazF. Interestingly, these hit com-
pounds are caffeine derivatives with a xanthine backbone, which is
structurally similar to the adenine base but different from reported
FTO inhibitors. The simplest xanthine derivatives, 9; theophylline
and 10; caffeine, did not inhibit demethylation by FTO (Fig. 2).
Among the hit compounds, compound 1, which has a 5-
hydroxyhexyl group at the N* position, showed the lowest ICs, value
against FTO (ICs, = 2.2 uM) demonstrating the importance of the
alkyl chain at the N' position. Compound 1 and its analogs (5 and
6), with 5-oxohexyl and hexyl groups at the N* position, respectively,
also inhibited FTO with IC5, values of 4.1 and 1.4 pM, respectively.
Further, 7, with a heptyl chain at position N' instead of the hexyl
chain of 6 showed a similar ICs, for FTO (ICso = 1.5 uM). In contrast,
8, which has a propyl chain at N’ position instead of a methyl chain
as in 5, showed no significant FTO inhibitory activity (Fig. 2, and
Fig. S2, ESIt). These results indicated the importance of a hexyl or
heptyl moiety at the N' position and a methyl moiety at the N
position of the xanthine backbone for the inhibitory effects on FTO.
Considering the similar ICs, values of 1, 5, 6 and 7 regardless of the
functional groups at the N' position, it is plausible that the
hydrophobic alkyl chain at the N* position plays a key role in FTO
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Fig. 2 1Csq values of hit compounds (1-4) and their related compounds.

inhibition. Compound 1 and its analogs (5 and 6) were also
confirmed to inhibit the demethylation activity of FTO using gel
electrophoresis of MazF-treated RNA oligonucleotides (Fig. S3A,
ESIf). In addition, Dpnll-dependent N°-methyl-deoxyadenosine
(m6dA) demethylation assay'*® showed that these compounds also
inhibited FTO’s ability to demethylate m6dA (Fig. S3B, ESIt). The
results indicated that their inhibitory effects on FTO were not
dependent on the evaluation method used for screening.

The specificity of 1 and its analogs (5 and 6) for FTO was
demonstrated by examining their inhibitory effects on other
related enzymes. ALKBH5 and ten-eleven translocation methylcy-
tosine dioxygenase 1 (TET1) are also Fe**- and oKG-dependent
dioxygenases and demethylate m6A and 5-methyl cytosine (5mC),
respectively. These compounds at 100 pM, did not inhibit the
demethylation activities of both ALKBH5 and TET1, whereas the
m6A demethylation activity of FTO was completely inhibited
(Fig. 3). Furthermore, they did not inhibit the methylation activity
of m6A methyltransferase METTL3/14 (Fig. S2, ESIT), confirming
the specificity of compounds 1, 5, and 6 for FTO over ALKBHS5,
TET1, and METTL3/14. Utilizing its solubility in water, 5 was
selected as a representative analog of 1 for subsequent examina-
tion of the relevant inhibitory mechanisms.

Due to the xanthine backbone, which is common with
purine bases, the effect of 5 on the interaction between FTO

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Specificity of compounds 1, 5, and 6 for FTO over ALKBH5 and
TET1. The m6A demethylation activity of FTO and ALKBH5 was measured
using a FRET-based MazF cleavage assay. The demethylation activity of
TET1 was measured using ELISA with methylated plasmid DNA.

and the substrate RNA was examined using a fluorescence polariza-
tion (FP) assay (Fig. 4). No significant changes in the FP of the
labeled RNA with FTO were observed in the presence of increasing
amounts of 5. In contrast, a known substrate competitor of FTO,
meclofenamic acid (MA),*® clearly decreased the molecular polariza-
tion of fluorescently labeled RNA in a concentration-dependent
manner. These results demonstrated that 5 did not inhibit the
interaction between the substrate RNA oligonucleotides and FTO.
Further, the IC5, value of 5 did not correlate with aKG or Fe**
concentrations (Fig. $4, ESIt). These results showed that compound
5 did not compete with the substrate RNA, oKG, or Fe>'.

Surprisingly, the ICs, value of compound 5 was significantly
affected by the concentration of L-ascorbic acid. Specifically, the
inhibitory effect of 5 became weaker as the concentration of
t-ascorbic acid increased (Fig. 5). To confirm whether 5 com-
petes with r-ascorbic acid, the effects of 5 were examined on the
direct interaction between r-ascorbic acid and FTO using
tryptophan fluorescence quenching.?” As a result, the binding
affinity of r-ascorbic acid to FTO remained unchanged in the
absence and presence of 5 at 50 pM, which mostly suppressed
the demethylation activity of FTO (Fig. 6 and Fig. S5, ESIt). This
result eliminates the possibility of the competition between 5
and r-ascorbic acid for binding with FTO.
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Fig. 4 Compound 5 does not interfere with the interaction between FTO
and substrate RNA. Fluorescence polarization of 20 nM of FAM-labeled
RNA oligo mixed with 1 uM of FTO in the presence of 1-1000 uM of 5 or
meclofenamic acid (MA) was measured. MA, a known FTO inhibitor, was
used as a control to inhibit the RNA binding of FTO.
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Fig. 5 Inhibitory effect of 5 was affected by the concentration of
L-ascorbic acid (L.-AA). (A) Inhibitory curves of 5 against FTO in the
presence of 0.3 mM (blue circle), 1 mM (black square), and 3 mM of
L-ascorbic acid (red diamond). (B) ICsq values of 5, depending on the
L-ascorbic acid concentration.

Moreover, although r-ascorbic acid has been regarded as a
reducing agent, none of the other representative reducing
agents, such as nicotinamide adenine dinucleotide phosphate
(NADPH), dithiothreitol (DTT), tris(2-carboxyethyl)phosphine
(TCEP), glutathione, gallic acid, tocopherol, or sodium borohy-
dride (NaBH,), could replace r-ascorbic acid (Fig. S6, ESIt). This
result highlights the importance of the direct interaction
between r-ascorbic acid and FTO in the m6A demethylation
reaction, rather than the reducing ability of r-ascorbic acid.

The exact mode of action of xanthine derivatives remains
unclear. Nuclear magnetic resonance (NMR)-based structural ana-
lysis of apo FTO revealed dynamic fluctuations in the structure and
the conformational variability of the domain-domain interface of
FTO, which were not apparent from the crystallographic structures
of holo FTO.”® We therefore hypothesize that compound 5 would
interfere with these structural changes. The NMR study also indi-
cated the presence of unknown druggable surface pockets apart
from the catalytic core.”® Since 5 exhibited r-ascorbic acid-dependent
inhibition of FTO without competing with r-ascorbic acid for bind-
ing sites, it is implied that 5 is an allosteric FTO inhibitor.

In this study, through the unique activity-based high-throughput
screening method using MazF, xanthine derivatives, whose back-
bones differed from those of known FTO inhibitors, were identified
as specific inhibitors of FTO. Surprisingly, the inhibition was
modulated by r-ascorbic acid, a phenomenon that has not been
previously reported in the literature. However, more research is
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Fig. 6 Direct binding of L-ascorbic acid (L-AA) to FTO. The fluorescence
intensity of tryptophan was measured (ex: 280 nm). FTO was mixed
with 0-250 pM L-AA in the absence (A) or presence (B) of 50 pM of
compound 5.
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needed to determine how r-ascorbic acid affects the demethylation
process of FTO. Thus far, no reports have referred to inhibitors
influenced by r-ascorbic acid. MO-I-500, an ascorbic acid mimic,
originally designed to screen prolyl-4-hydroxylase 2 (PHD2) inhibi-
tors, has been shown to inhibit FTO activity.>® However, the binding
pocket of the hit compound is estimated to be at the «KG-binding
site of FTO, and its relevance to ascorbic acid remains unclear.
Further structural and functional analysis of FTO with r-ascorbic
acid will reveal the contribution of t-ascorbic acid to the FTO activity
and ultimately, the multifaceted function of FTO.

In comparison to static structure-based virtual screening,
the activity-based approach offers a promising avenue for the
discovery of novel FTO inhibitors with new backbones and
mechanisms. These results have significant implications for
understanding the regulatory mechanisms of FTO and the design
of FTO-specific inhibitors, which have significant potential for
anticancer treatment.
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