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KEY WORDS Abstract  N6-Methyladenosine (m°A) is the most abundant internal modification in eukaryotic mRNA,
playing critical role in various bioprocesses. Like other epigenetic modifications, m®A modification can

i{(l)(;BHS be catalyzed by the gnethyltransferase complex and erased dynamically to maintain cells homeostasis. Up
RNA den{ethylation; to now, only two m’A demethylases have been reported, fat mass and obesity-associated protein (FTO)
Diseases; and alkylation protein AlkB homolog 5 (ALKBHS), involving in a wide range of mRNA biological prog-
Inhibitors; ress, including mRNA shearing, export, metabolism and stability. Furthermore, they participate in many
Screening significantly biological signaling pathway, and contribute to the progress and development of cancer

along with other diseases. In this review, we focus on the studies about structure, inhibitors development
and biological function of FTO and ALKBHS.
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1. Introduction

Among more than 100 structurally distinct posttranscriptional
modifications of RNA in higher eukaryotic organisms, m°A is the
most abundant modification in eukaryotic mRNA, which was first
discovered in the 1970s'. Recently, the development of new tech-
niques, like methylated RNA immunoprecipitation sequencing
(MeRIP-seq), made the m®A research progress rapidly”. With the
discovery of m®A methyltransferases, readers and demethylases,
m®A modification was considered reversibly. Up to now, the m°A
methyltransferases complex that constitutes of methyltransferase
like 3 (METTLS3, also known as MTA70), methyltransferase Like
14 (METTL14), pre-mRNA-splicing regulator WTAP, protein vir-
ilizer homolog (VIRMA) and RNA-binding protein 15 (RBM15)
has been discovered to write the RNA m°A modification® .
METTL3 was firstly identified as a writer for méA, working with
other catalytic component METTL14 and the accessory WTAP to
achieve methylation function®*.

In addition to methyltransferases, m®A readers that can recognize
mPA substrates to regulate RNA translation and stability by binding
to m°A, including YTH domain-containing family protein 1/2/3
(YTHDF1/2/3), YTH domain-containing protein 1/2 (YTHDC1/2),
insulin-like growth factor-binding protein 1/2/3 (IGF2BP1/2/3), have
been identified’ . YTHDFI can interact with translation machinery
and then accelerate their loading on the ribosome to promote
translation'’. Differently, YTHDEF2 is involved in regulating the
stability of cytoplasmic mRNAs and promoting the translational
initiation of transcripts''. As a partner of YTHDF1 and YTHDF2,
YTHDEF3 mainly impacts on cytoplasmic metabolism and trans-
lation of methylated mRNAs™'%. Besides, YTHDCI is a nuclear
mCA reader and recognizes transcribed pre-mRNA and promotes the
recruitment of other YTHDCl-associated splicing factors’.
YTHDC?2, selectively binding m°A at its consensus motif, not only
enhances the translation efficiency of its target genes but also de-
creases their mRNA abundance'’. IGF2BP1/2/3, members of
conserved family of single-stranded RBPs (RNA binding proteins),
show preferential recognition for m°A of mRNAs and increase the
stability of mRNA in an m®A-dependent manner”.

As another kind of crucial proteins, discovery of RNA deme-
thylases confirms that m®A is a reversible modification. In 2011,
FTO was first identified to exert demethylase activity to m°A'”.
After that, ALKBHS, another member of AlkB family, was
identified as the second RNA m°A demethylase in 2013, playing
key roles in RNA splicing, export, stability, metabolism along
with FTO by regulating RNA m°A level in eukaryote'”. In recent
years, more and more studies have revealed functions of FTO and
ALKBHS in physiological process. Meanwhile, a large number of
inhibitors targeting them have also been discovered. As the bio-
logical roles and inhibitors of FTO and ALKBHS have not been
well reviewed, we summarized the research about structure, in-
hibitors, biological function in diseases development, as well as
screening methods for FTO and ALKBHS in this review,
providing a relatively comprehensive perspective for in-depth
understanding of m°A demethylases.

2. Structure of FTO and ALKBH5

Both FTO and ALKBHS5 belong to the nonheme Fe(Il)-2-
oxoglutarate (20G)-dependent dioxygenase AlkB family pro-
teins that repair N-alkylated nucleobases by oxidative demethy-
lation'®. AIkB family contains nine AIkB homologs, ALKBH1-8

and FTO. In structure, they all contain a conserved double-
stranded B-helix (DSBH) domain to mediate demethylase activ-
ity and some extra functional domains'’. Undoubtedly, FTO and
ALKBHS both have a core catalytic domain containing DSBH
domain for demethylation of RNA and DNA (Fig. 1A).

2.1.  Crystal structure of FTO

In 2010, the crystal structure of human FTO in complex with 3-
methylthymine (3-meT) was first determined by Han et al.'®. It
contains 505 residues which can be divided into N-terminal
domain (NTD, residues 32—326) and C-terminal domain (CTD,
residues 327—498) (Fig. 1A). The catalytic core of NTD is mainly
composed of a distorted DSBH construction, called the jelly-roll
motif for RNA demethylase activity. In this domain, two «-heli-
ces and one long loop linking 85 and (6 coordinately form the two
sides of this jelly-roll motif. The highly conserved residues
His231, Asp233 and His307 chelate to Fe“, while Arg316 and
Arg322 form salt bridges with carboxylic acid of 20G (Fig. 1B).
For the binding of substrate, the conserved residues Tyr108 and
His231 provide appropriate binding position. Beyond that, the
carbonyl oxygen of RNA m°A is stabilized by forming hydrogen-
bond with Arg96 and Glu234 residues, which also defines its
substrate specificity. The unique structure of FTO, the 31-2 loop,
which enables FTO to recognize double-stranded DNA (dsDNA)
and single-stranded DNA (ssDNA) or single-stranded RNA
(ssRNA). The CTD of FTO is formed a three-helix bundle with
a7, a8 and «10. In function, the CTD region can interact with
NTD containing helix bundle to destabilize the conformation of
the NTD. Thereby, the CTD region also plays a significant role in
activating the demethylation activity'®.

2.2.  Crystal structure of ALKBHS5

After the discovery of ALKBH5 working as an RNA m°A demethy-
lase in 2013 by Zheng et al.'®, crystal structures of ALKBH5 from
human and zebrafish have been solved by many groups in following
years'*?°. ALKBHS5 has 395 amino acids in full length (Fig. 1A). Asa
20G oxygenase, the catalytic core of ALKBHS also contains a DSBH
domain, that consists of 11 § strands (31—811) and 5 « helices (al—
a5). Like other AlkB family members, ALKBHS binds to 20G and
metal ion in a conserved manner. The metal ion is coordinated by
His204, Asp206 and His266 in CTD of ALKBHS, while binding of
20G is well stabilized by electrostatic and hydrogen-bond with
Asn193, Tyr195, Arg277 and Arg283 in the ALKBHS5 active
(Fig. 1C). In substrate specificity, different from other AlkB family
members, ALKBHS5 harbors a unique disulfide bond between Cys230
and Cys267 that confers ALKBHS to specifically recognize single-
stranded nucleic acids®’. These residues mentioned above may be
the key sites for the designing of selective inhibitors.

Though both FTO and ALKBHS have the DSBH domain and
are Fe(Il) and 20G-dependent dioxygenases, there are also some
differences. In structure, FTO has the CTD region to destabilize
the conformation of the NTD, while ALKBHS5 does not. Besides,
the 20G binding site in FTO comes from DSBH (6, while the
20G binding site in ALKBHS5 is derived from DSBH $1%°. In
substrate recognization, FTO can recognize dsDNA and ssDNA or
ssRNA through its 812 loop, while the loop between (7 and (58
of ALKBHS links to 310 strand via a disulfide bond formed be-
tween Cys230 and Cys267, which can exclude the binding of
dsDNA. These differences in structure may be the key sites for the
designing of selective inhibitors>.
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Figure 1  Structures of FTO and ALKBHS. (A) DSBH domain in
AIkB family. (B) and (C) Crystal structure of FTO (PDB: 3LFM) and
ALKBHS (PDB: 4NRO). The DSBH active region is shown in green,
and the other domain is shown in yellow and mazarine. In the larger
version, the ligand group is highlighted with red region, the side
chains of active sites are shown in blue (stick), the interaction of
ligand and protein is shown with dotted line.

3. Development of FTO and ALKBHS inhibitors

Based on the crystal structure of these m°A demethylases, diverse
small molecule inhibitors have been designed and discovered, along
with their mechanism and biological function have been revealed.
Among them, FTO inhibitors mainly consists of substrate competitive
inhibitors, 20G-derivatives or Fe(II) chelating agents and other in-
hibitors with different mechanism. For ALKBHS inhibitors, only
several non-selective compounds have been characterized and most of
them are 20G oxygenase inhibitors.

3.1.  Substrate competitive inhibitors of FTO

3.1.1.  Rhein

The first FTO inhibitor is rhein, a natural product identified by
Chen et al.* in 2012 (Fig. 2A). Unlike most of the reported 20G-
derivatives based inhibitors, it is neither a 20G analogue nor
chelator of iron. Kinetics studies showed that rhein inhibited FTO
by competitively binding the catalytic domain against ssRNA
substrate. The negative-charged carboxyl of rhein interacts with
the extensive positive-charged region around Arg316 of FTO.
Besides, Arg316 also forms several hydrogen bonds with rhein,
contributing to the important role of Arg316 in mediating an
interacting between rhein and FTO. The ICsy value of rhein
against FTO is around 30 pmol/L, which was measured by high
performance liquid chromatography (HPLC) assay. Not just at the
molecular level, rhein can also increase mRNA m°A levels in cells
in a concentration-dependent manner>’.

3.1.2.  Meclofenamic acid (MA)

In 2015, Huang and others®* identified MA, an anti-inflammatory
drug, as a highly selective FTO inhibitor with ICsy value of
8 umol/L using drug repurposing strategy (Fig. 2A). MA is neither
a chemical mimic of 20G nor an iron chelator and it is likely to

bind FTO competitively instead of its substrate m°A-containing
ssDNA. One chlorine atom in MA directly contacts the complex
guanidinium group in Arg96 so that to form a hydrogen bond with
the carbonyl oxygen of RNA m®A. Of note, the first loop in the
FTO nucleotide recognition lid (NRL), 83 and (4 provides hy-
drophobic interactions with MA, while ALKBHS lacks $-hairpin
motif of NRL, which provides extra interactions between MA and
FTO, thus resulting in leakage between ALKBHS and MA. As this
site is crucial for FTO selective inhibitor, MA could not inhibit the
conversion of m'A repairment in dsDNA mediated by alpha-
ketoglutarate-dependent ~ dioxygenase  AlkB  homolog 2
(ALKBH2), or in ssDNA by alpha-ketoglutarate-dependent
dioxygenase AlkB homolog 3 (ALKBH3). Extendedly, the ethyl
ester form of MA can also increase the level of m®A modification
in HeLa cell mRNA and suppress self-renewal and tumorigenesis
of glioblastoma stem cells”*. In addition, Rhein and MA were
reported to either prevent or reverse tyrosine kinase inhibitor
resistance™.

3.1.3.  N-(5-chloro-2,4 dihydroxyphenyl)-1-

phenylcyclobutanecarboxamide (N-CDPCB)

N-CDPCB was a new FTO inhibitor with ICsy of 4.95 pmol/L
(Fig. 2A). The crystal structure of FTO in complex with N-
CDPCB shows N-CDPCB binds with FTO at a new site, but not
20G-binding sites, where N-CDPCB is sandwiched between an
antiparallel (-sheet and the L1 loop of FTO. This site is not
conserved in other mammalian AlkB members, implying that it
may be an FTO specific inhibitor, and can be considered as a basis
for designing selective inhibitors. On the other hand, the structure
of N-CDPCB bound to FTO is nearly identical with 3meT-bound
to FTO, which indicates N-CDPCB as a substrate competitive
inhibitor of FTO. Surprisingly, though their chemical structures
are completely different, the binding sites of N-CDPCB and MA
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in FTO overlap partially~.

3.1.4.  4-chloro-6-(6'-chloro-7'-hydroxy-2' 4’ 4’ -trimethyl-
chroman-2'-yl) benzene-1,3-diol (CHTB)

CHTB was identified as a new FTO inhibitor in 2016 with ICsg of
39.24 pmol/L (Fig. 2A). Similar to N-CDPCB, CHTB binds to
FTO at a novel site, which is sandwiched between an antiparallel-
sheet and extended C-terminal of the long loop. And CHTB
overlaps completely with the methylated strand in the dsDNA
bound ALKBH2, which indicates that CHTB may act as a
competitive inhibitor of FTO. Moreover, residues that can interact
with CHTB are not conserved among AlkB members, suggesting
that CHTB may be an FTO specific inhibitor”’.

3.1.5.  Radicicol

Chang’s group”® identified another natural compound radicicol as
an effective FTO inhibitor, which showed dose-dependent inhibi-
tion against FTO m°A demethylation activity with ICs, value of
16.04 pmol/L (Fig. 2A). By analyzing the crystal structure of
radicicol-FTO complex, the result showed that radicicol partially
overlapped the binding sites of MA and CHTB in FTO. Moreover,
radicicol adopted an L-shaped conformation and the 4-Cl-1,3-diol
group of radicicol bound to the same site of FTO with N-
CDPCB, suggesting the 4-Cl-1,3-diol group is important when
interacting with FTO?®.

3.1.6.  Derivatives of rhein and MA
Considering structure and activity of rhein and MA, N-phenyl-1H-
indol-2-amine was found as a new scaffold as FTO inhibitor by
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Figure 2  Structure and activity of FTO inhibitors. (A) Substrate
competitive inhibitors of FTO; (B) 20G-derivatives or Fe(Il) chelating
agent based inhibitors of FTO; (C) Other mechanism inhibitors of

FTO.

applying scaffold hopping approach®”. From their rigid
and flexible docking, MUO6 showed high binding affinities to
FTO and was docked into the active cavity of FTO by forming H-
bond interactions with Arg96, Asp233, and His231 residues
of FTO (Fig. 2A). Meanwhile, FTO protein also showed
stable interaction with MUO6 in simulation of their binding

[&
mode”’.

3.1.7. FB23 and FB23-2

Based on the structure of MA, FB23 and FB23-2 were designed,
synthesized and identified as FTO inhibitors by Huang et al.”’
(Fig. 2A). Both compounds directly bound to FTO and selec-
tively inhibited its mPA demethylase activity and FB23 was
significantly more potent than MA in inhibiting activity with ICsq
of 0.06 umol/L. Co-crystal structure of FB23 in complex with
FTO showed FB23 occupied the whole substrate-binding pocket
of FTO. Similar to the selectivity of MA to FTO, the phenyl ring
and carboxyl acid substituent of FB23 formed hydrophobic
interaction with FTO. Therefore, FB23 could avoid nonspecific
binding to other AlkB members. Besides, hydrogen bond was
formed directly between the carboxyl group in FB23 and Ser229
residue of FTO. And additional hydrogen bond between nitrogen
or oxygen in FB23 and Glu234 in FTO may allow FB23 to show
increased inhibitory activity against FTO, compared to MA™.
Meanwhile, FB23-2, the derivative of FB23, whose cell perme-
ability and activity as well as selectivity were better than FB23,
can increase RNA methylation in acute myelogenous
leukemia (AML) cells and dramatically suppress proliferation and

promote the differentiation and apoptosis of AML cell line as well
as primary AML cells in vitro (Fig. 2A)™.

3.1.8. CSI and CS2
Recently, Chen et al.’' found two efficient FTO inhibitors
CS1 and CS2 by structure based virtual screening of National
Cancer Institute Developmental Therapeutics Program (NCI
DTP) library with ICsy at nanomolar range in AML cells
(Fig. 2A). CS1 and CS2 could selectively bind to and occupy
the catalytic pocket of FTO, thereby blocking m°A-modified
substrate from entering into FTO’s catalytic pocket to inhibit
FTO’s demethylase activity. Excitingly, CS1 and CS2 also showed
much higher efficacy in inhibiting AML differentiation and the
signaling pathways of FTO as well as decreased leukocyte
immunoglobulin-like receptor subfamily B 4 (LILRB4) expres-
sion and sensitized AML cells to T cell cytotoxicity and overcame
immune evasion®'.

Thus, due to the distinct substrate binding of FTO and
ALKBHS, substrate competitive inhibitors are selective, which
provides skeleton and designing ideas of selective inhibitors.

3.2.  20G-derivatives and Fe(Il) chelating agent

Considering that FTO is a 20G-dependent demethylase, both
cyclic and acyclic 20G analogues were shown to inhibit FTO
without selectivity. For instance, NOG (ICsy = 44 pmol/L) and
PDCA (ICso = 8.3 pumol/L), occupied 20G binding pocket of
FTO by forming electrostatic and hydrogen bond (Fig. 2B) and
chelated with the metal in a bidentate manner. Other compounds,
such as hydroxyquinoline-, pyridyl-, and isoquinoline-based
compounds were also identified as FTO inhibitors. All the in-
hibitors bound across both co-substrate and primary substrate
binding sites. These results gave an important path to the devel-
opment of more effective and selective FTO inhibitors (Fig. 2B)*.

To design and synthesize novel antiepileptogenic compounds,
Zheng et al.** described a new class of ascorbic acid analogues,
which could inhibit the 2-oxoglutarate-dependent hydroxylase and
induce erythropoietin production in the central nervous system
(CSN). One of the compounds, 7d showed FTO inhibitory activity
with ICso of 8.7 umol/L (Fig. 2B). A crystal structure analysis of 7d
binding to FTO shows that the dihydroxy furan moiety of 7d is
involved in Fe(Il) chelating sites, while both sulfonamide oxygens
form hydrogen bonds with Arg322 and Arg96, respectively. The
oxygen of the furan ring is proposed to form a hydrogen bond with
Asn2057.

3.3.  Other mechanism inhibitors of FTO

Other than above inhibitors, Peng et al.** identified entacapone as
an FTO inhibitor with ICsy of 3.5 pumol/L (Fig. 2C), which is
structurally different from other known FTO inhibitors. Entaca-
pone can occupy both binding sites of cofactor and substrate in
FTO. The meta-position hydroxyl group of the nitrocatechol ring
could bind to Arg322 and Tyr106 of FTO by forming hydrogen
bounds, and the nitrile group can chelate with metal ion. Besides,
carbonyl group of entacapone interacts with Asn205 by forming a
hydrogen bond and the diethyl-propanamide tail is deeply
stretched into the cofactor binding domain®*. In 2018, R-2HG, an
endogenous oncometabolite, was reported to suppress FTO
enzymatic activity competitively, thereby increasing global m°A
modification in R-2HG sensitive leukemia cells and leading to the
suppression of relevant pathways by leading to decreased MYC
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mRNA stability, down-regulation of MYC signaling, and then
inhibiting cancer cell proliferation (Fig. 2C)>°.

3.4. ALKBHS inhibitors
Xu et al.”” firstly identified citrate as a modest ALKHBS5 inhibitor
(ICs0 = 488 umol/L) and co-crystal structure of citrate in com-
plex with ALKBHS showed that citrate excluded both metal ion
and 20G in ALKBHS. The C-5-carboxylate of citrate molecule
formed hydrogen bond with Lys132 and Asn193 side chains as
well as the C-1 and C-6 carboxylates with Ser217 and Arg283,
and the citrate C-3 carbonyl oxygen with His266, respectively””.
Meanwhile, Aik et al.*” reported that citrate can also act as a
modest FTO inhibitor. But with a different manner, the citrate only
replaces 20G and the metal ion site is not occupied’”, which in-
dicates that citrate has no selectivity for ALKBHS and FTO. Aik
and others””° also reported that 20G oxygenase inhibitors NOG,
PDCA and HIF PHD inhibitor IOX3 can weakly inhibit ALKBHS5
activity by competing 20G (Fig. 3). Up to now, only several
compounds have been characterized as ALKBHS inhibitors, and
none of them is selective.

To solve these current problems, firstly, the design of compounds
is critical. Computer aided design and evaluation according to the
structure of ALKBHS to search active skeleton structure, or modi-
fying FTO inhibitors according to the structural differences between
FTO and ALKBHS can be the effective means of design. Mean-
while, combined with virtual screening, establishment of stable and
efficient high-throughput screening methods (we discussed below)
to expand the screening of compound library may help to discover
and identify potential lead compounds. To improve the selectivity of
compounds, though both FTO and ALKBHS have the DSBH
domain and are Fe(Il) and 20G-dependent dioxygenase, the sites
where they bind to the substrate are quite different. The loop be-
tween 37 and 38 of ALKBHS linked to $10 strand via a disulfide
bond formed between Cys230 and Cys267, which can exclude the
binding of dsDNA. These above mentioned residues may be the key
sites for the designing of selective inhibitors. In addition, Arg130
and Tyr139 play essential roles in substrate recognition of
ALKBHS, which may also as an important site for the designing of
selective inhibitors™.

4. Demethylation mechanism of FTO and ALKBHS against
6
m°A

Generally, two oxidation reaction stages are involved in the deme-
thylation mechanism of Fe(Il) and 20G dependent oxygenase:
dioxygen activation and substrate oxidation. At the first stage, Fe(I)
and 20G may each contribute two electrons to activate a dioxygen
molecule. The active dioxygen molecule first enters bridged peroxo
and then into the Fe(IV)-oxo intermediate. In the second substrate
oxidation stage, the inert C—H bond of the RNA or other substrate is
oxidized to hydroxy by the highly active Fe (IV)-oxo species, then one
molecule of formaldehyde is removed from this intermediate product
to obtain final demethylation product. Meanwhile, Fe(IV) is reduced
back into Fe(Il) to complete all catalytic cycle with 20G being
reduced to succinate. Because of the instability of the C—N bond, N-
methylated substrates undergo hydrolytic deformylation and trigger
direct demethylation®’ (Fig. 4A).

While in FTO-mediated demethylation process, FTO can
oxidize m°A to short-lived and previously unknown intermediates,
N6-hydroxymethyladenosine (hm°A) and N6-formyladenosine

(f°A), in a stepwise manner. By removing formaldehyde and
formic acid group respectively, both hm®A and f°A can be
transformed into the shared product adenine (Fig. 4B)*.

For ALKBHS5, the N-methylated bond of m®A or other sub-
strate is oxidized to hydroxymethyl-A intermediates and then one
molecule of formaldehyde is removed from these intermediates to
final demethylation product with concomitant production of suc-
cinate, formaldehyde, and carbon dioxide (Fig. 4C)*’. While for
demethylation of the m®,A, the reaction is more complex and the
demethylation by ALKBHS is fast while the first demethylation
step is rate limiting step (Fig. 4D)*.

4.1.  FTO demethylates 3-meT in ssDNA and 3-methyluracil
(3-meU) in ssRNA

Demethylation of FTO for nuclear acid was first discovered by
Thomas Gerken and others® in 2007. FTO shares similar
sequence with other Fe(Il) and 20G dependent oxygenase and
mouse FTO catalyzes the demethylation of 3-meT in ssDNA
(Fig. 5A)*°. Soon after that, Jia et al."” demonstrated that re-
combinant human FTO protein can completely demethylate the
methylation of 3-meU in ssRNA in 2008 (Fig. 5A)*°. Meanwhile,
different affinity of FTO to various substrates reveal that both
human and mouse FTO proteins preferentially repair 3-meT in
ssDNA over others. In addition, FTO performs neglectable weak
affinity to 3-meT in dsDNA®’. This is the first study for the
biochemical activity of FTO and provides basics for investigating
the functional role of FTO.

4.2.  FTO demethylates m°A in mRNA

mPA residues in mRNA was reported as another substrate of FTO
in vitro and in vivo in 2011'*. m®A in ssDNA and ssSRNA can be
completely converted to adenosine upon FTO treatment in an
Fe(II) and 20G dependent manner (Fig. 5B)'*. This discovery of
the FTO-mediated demethylation of m®A in mRNA further shows
the regulatory function of FTO on reversible chemical modifica-
tion of RNA and also makes FTO the first characterized m°A
demethylase.

4.3, FTO demethylates m°A,, in mRNA and snRNA

In mRNA biogenesis, an N7-methylguanosine (m’G) cap with a
triphosphate linker always exists in the 5’ end of mRNAs. 2'-O-
Methyladenosine, if following closely with the m’G cap, can be
further methylated at the N6-position to form N6,2'-O-dimethy-
ladenosine (m°A,,) (Fig. 5C). Recently, FTO was revealed to
target methyladenine at transcription start sites and the m°®A,, of
mRNA was another substrate of FTO*'. More than that, Mauer
et al.*' indicated that FTO preferentially demethylates m°A,,
rather than m®A and controlled the balance between m°A,, and
An.

Not only mRNA, m®A,, modifications also occur in small
nuclear RNAs (snRNAs). Recent research has shown that FTO
also demethylates spliceosomal snRNA m®A,, to A, and deter-
mined relative level of m®A,, and A,,, which provides a direct link
between FTO activity and the snRNA splicing machinery™.

4.4. FTO demethylates m'A in tRNA

Utilized enhanced crosslinking and immunoprecipitation
sequence (eCLIP-seq), tRNA was discovered to be enriched in
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FTO-bound RNA species and FTO decreased total m'A level in
tRNA with no selectivity in nuclear or cytoplasmic tRNA m'A
(Fig. 5D). The proximity of FTO to tRNA m'A is due to its
similar structure to tRNA m°C methyltransferase NOP2/Sun RNA
methyltransferase 6 (NSUN6). As m'A in tRNAs is easily
recognized and delivered to activate translational polysomes,
FTO-induced demethylation of tRNA m'A has negative effect on
translation™’.

4.5.  ALKBHS5 demethylates m°A in ssRNA and ssDNA

For ALKBHS, it is stood out as it completely demethylated m°A
in the ssRNA/DNA substrates (Fig. 5E). Similar to FTO,
ALKBHS also demethylates its substrate in an iron center
dependent manner, which indicates the physiologically function of
ALKBHS5 in RNA biological progress'”. This study identified
ALKBHS as the second RNA demethylase, indicating the signif-
icant function of ALKBHS to erase m°A modification and also the
critical role in fundamental biological processes.

4.6.  ALKBHS5 demethylates m3A in rRNA

Ribosomal RNA (rRNA) contains special m°A modification, the
double methylated species m5A, in which the two methyl groups
are both situated at the exocyclic of NG6-purine heteroatom
(Fig. SE). Ensfelder et al.*® reported that mSA as well as m°A in
rRNA can be demethylated by ALKBHS. Because each step of the
demethylation reaction requires 20G in the active site, demethy-
lation of ALKBH5 on mono-methylated m®A is much more effi-
cient compared to m5A*",

The demethylation mechanism of FTO and ALKBHS in
different methylation substrates reveals the biochemical activity of
FTO and ALKBHS, providing solid support for the discovery of
more biological functions and therapeutic target of related
diseases.

5. Biological function of FTO and ALKBHS5

m°A in eukaryotic mRNA influences splicing, export, stability,
metabolism of mRNA. So m°A demethylases, FTO and ALKBHS,
can be involved in many physiological functions in human beings,
including eukaryotic metabolism, telomere length, circadian
clocks, spermiogenesis, autophagy and so on.

5.1.  Crucial role of FTO in metabolic related function

FTO is widely expressed in fetal and adult tissues, especially in
brain and affects obesity susceptibility. From childhood to old age,
FTO gene variation is highly associated with their body mass
index (BMI) and obesity“. Loss of FTO in mice leads to
frequently postnatal death and an obvious decrease in adipose
tissue and lean body mass as well as increasing energy

O:Q_ HO
HO 1 A OH NH —
N =~
N\
(o) N %
Cl
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ICso = 347.2 pmol/L

Structures and activity of ALKBHS5 inhibitors.

expenditure but uncoupling invariable mitochondrial, thyroid
function and glucose metabolism™’.

Skeletal muscle can also produce and expend energy in human
body thus participating in the metabolism control of the whole
body. Wang et al.*® provided the evidence that FTO down-
regulation suppresses mitochondria biogenesis and energy pro-
duction by positively regulating mammalian target of rapamycin-
peroxisome proliferator-activated receptor-y coactivator-1l«
(mTOR-PGC-1«) pathway and makes a large contribution for
skeletal muscle differentiation depending on its m°A demethyla-
tion activity*’.

In various heart failure models, RNA m°A is overexpressed
compared to normal hearts. Deficiency of FTO decreases car-
diomyocyte contractile function through accelerating Ca®* decay
and increasing sarcomere shortening during cardiac remodeling
and repair. Consistently, overexpression of FTO in myocardial
enhanced the cardiac function at ischemia site by selectively
demethylating RNA m°A in cardiac contractile transcripts
hypermethylation, and then increasing RNA stability*’.

In brief, FTO can directly affect the energy metabolism of
adipose tissue and muscle tissue through its m®A demethylation
activity, thus involving in obesity, mitochondrial metabolism and
cardiomyocyte contractile function.

5.2.  Role of FTO in telomere length and circadian clocks

By affecting retinoblastoma-like protein 2 (RBL2) expression or
interacting with global energy sensors, such as mTOR, AMP
activated protein kinase (AMPK) and uncoupling protein 2
(UCP2), FTO is involved in the telomere length (TL) regula-
tion*®*°. Furthermore, FTO deficiency can lead to alter response
to light and a prolonged circadian period which is resulted from
FTO mediated decreasing expression of core clock genes cryp-
tochromel and 2 (CRY1 and CRY?2). Otherwise, FTO is involved
in circadian transcription-translation negative-feedback loop via
decreasing circadian locomoter output cycles protein kaput-aryl
hydrocarbon receptor nuclear translocator-like protein 1
(CLOCK-BMAL1) transactivation activityS 9. The involvement of
FTO in TL and circadian rhythm modulation indirectly explains
the regulatory role of FTO in metabolism and may be solid evi-
dence for FTO broad function.

5.3.  Effect of ALKBHS in mRNA export and metabolism

ALKBHS is located in nuclear speckles and colocalized well with
mRNA-processing factors'”, regulating the translocation of
mRNA from nuclear to cytoplasm by affecting the function of
serine/arginine-rich splicing factor 1 (ASF/SF2) via its demethy-
lation activity. Besides, ASF/SF2 acts as a bridge for the inter-
action of mRNA export factor TAP—p15 complex and mRNA
cargo to facilitate mRNA export. On RNA metabolism, ALKBHS5
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oxygenase. (A) The demethylation mechanism of general oxygenases.
Two stages of oxidation reaction are involved: dioxygen activation
and substrate oxidation. (B) Demethylation mechanism of FTO. FTO
can oxidize m®A to short-lived hm®A and f°A in a stepwise manner,
and then formaldehyde or formic acid is removed from hm®A and f°A
to obtain adenine. (C) Demethylation mechanism of ALKBHS to
m®A. m®A can be oxidized by ALKBH5 to hydroxymethyl-A in-
termediates and then formaldehyde is removed from hydroxymethyl-
A to obtain adenine. (D) Demethylation mechanism of ALKBHS5 to
m®,A. The first demethylation step is rate limiting step. The deme-
thylation site is highlighted with red.

can decrease the synthesis rate of nascent RNA and maintain the
global RNA stability”'.

5.4.  Effect of ALKBHS in spermiogenesis process, pregnancy
and recurrent miscarriage

ALKBHS5 mRNA is highest expressed in testis and ALKBHS
deficiency strongly results in spermatogenic maturation arrest and
failed to finish the spermiogenesis process, thereby inducing
apoptosis of pachytene and metaphase-stage spermatocytes'’
ALKBHS5-mediated m®A erasure which is essential for longer 3'-
UTR mRNAs splicing and production in the spermatocytes and
round spermatids, makes ALKBHS extremely important in sper-
miogenesis’>. Moreover, ALKBH5 can decrease the stability of
cysteine-rich angiogenic inducer 61 (CYR61) mRNA, which is a

matricellular protein regulating embryogenesis cell survival, pro-
liferation, differentiation, migration, adhesion and synthesis of
extracellular matrix (ECM), thus controlling trophoblast invasion
at the maternal—fetal interface in recurrent miscarriage (RM)™>
So, ALKBHS5 is mainly involved in spermatogenesis and
embryogenesis, which is one of the research directions of related
function and diseases. All these functions also show ALKBHS
indeed exert an additional layer of biological regulation on
multifaceted life processes through m°A demethylation.

5.5.  Effect of ALKBHS in autophagy and antiviral innate
responses

In autophagy process, ALKBH5 can reverse H/R-mediated m°A
modification of transcription factor EB (TFEB) nascent transcript
mRNA, thereby enhancing autophagic flux and inhibiting the
apoptosis of H/R-treated cardiomyocytes. In turn, TFEB induces
ALKBHS expression via binding to ALKBHS promoter with its
conserved E-box elements in cardiomyocytes’. In addition,
ALKBHS can inhibit autophagy by interacting with HuR and
activating receptor protein-tyrosine kinase—phosphatidylinositol
4,5-bisphosphate 3-kinase catalytic subunit alpha isoform-RAC-
alpha serine/threonine-protein  kinase—serine/threonine-protein
kinase mTOR (EGFR—PIK3CA—AKT-mTOR) signaling pathway
to enhance the stability of B-cell lymphoma 2 (BCL-2) mRNA
and promote interaction between BCL-2 and beclinl in epithelial
ovarian cancer’

ALKBHS also participates in the inhibition of antiviral innate
responses through removing m°A modification and entrapping
selected antiviral transcripts exportation from the nucleus by
DEAD box polypeptide 46 (DDX46) recruitment’®. These broad
roles indicate significant status of mRNA m°®A modification, and
also provide more strategies for the treatment of many related
diseases. Certainly, due to the widespread presence of m°A
modification, more biological functions and target genes of
ALKBHS still need to be explored and revealed.

5.6.  Functions comparation of FTO and ALKBHS5

On the whole, both FTO and ALKBHS5 are involved in RNA
metabolism by removing mRNA m®A modification and accord-
ingly regulating translation of target genes. While because of their
different tissue distribution characteristics and target genes, FTO
mainly performs metabolic related function while ALKBHS
mainly affects spermatogenesis. FTO is directly involved in
metabolism of adipose tissue and muscle tissue thus increasing
energy expenditure ingestion and energy production as well as
cardiomyocyte contractile function®’, and it indirectly interacts
with global energy sensors mTOR, AMPK and UCP2 to regulate
TL and mediate circadian clocks through CRY1, CRY2 and
CLOCK-BMALI1**%, But ALKBHS is expressed in testis highest
and regulates spermatogenesis through 3’-UTR mRNA splicing
and decreasing mRNA m°A level of spermatogenesis genes.
Through removing m®A modification of related genes, ALKBH5
is widely involved in embryonic development, autophagy and
antiviral innate responses’”. Moreover, due to the widespread
presence of m®A modification in the body, the function of FTO
and ALKBHS5 will be further expanded except metabolism or
there may be different selective regulatory mechanisms in
different tissues and genes. These broad functions of FTO and
ALKBHS indicate prominent role of m®A in extensive biological



2200

Dandan Shen et al.

0]

o
_CH NH
\ELN s T
NAO N0
H
FTO+O. s i
3-meT 2 . igccmlc acid
2
o Fe(ll))20G o Hicho
N o N™ ~O
H H
3-meU
Hy..oH
N
f\ FT0+02 Nf” . zgcclmcacnd
4 74 >
< ) Fe(l1))20G <N ‘N/) HCHO
H
méA
c H._CHj H.__CHs
N
/N N </ ]\)\;N
< | ,) FTO+0, N /) Succinic acid
o N N —_— o NT 4 co,
) Z( Fe(ll)/)20G 5 (( HCHO
HO  O-CH;3 HO  OH
méA,
NH2 NH,
FT0+02 N SN Succinic acid
y ¢l + €O,
< ) Fe(II)/20G N N/) HeHo
H
m'A
..,-CH
Moy CHs Hon
.e 29
N
¢ ¢
N v N W
Succinic acid
m°A ALKBH5+0, + co,
Fe(ll))20G HCHO
e
H3C\N,CH3 (1) H‘N'H
N
NSy A
QAL A
noN H
mA
Figure 5 The structures and demethylation site of FTO and
y

ALKBHS substrates. (A—D) The structures and demethylation site of
FTO in 3-meT/U (A), m°A (B), m°A,, (C), m'A (D). (E) The struc-
tures and demethylation site of ALKBH5 in m®A and m®,A. The
demethylation site is highlighted with red.

processes, suggesting that FTO and ALKBHS may be involved in
many diseases and as potential therapeutic targets.

6. Role of FTO and ALKBHS in diseases

FTO and ALKBHS are involved in various human diseases,
especially in cancers by regulating related genes transcription and
translation. Meanwhile, the molecular mechanism studies of FTO
and ALKBHS in diseases provide scientific support for feasibility
of therapy targeting these targets.

6.1. Role of FTO in cancers

FTO is overexpressed in breast cancer tissues compared to normal
breast tissues, particularly in HER2-overexpressed breast can-
cer’®. Because of its close association with energy metabolism,
overexpression of FTO promotes glycolysis in breast cancer cells
and FTO inhibition can significantly decrease the expression of
PI3 kinase (PI3K), p-PI3K, AKT and p-AKT, following by
inhibiting breast cancer cell energy metabolism, which can also be
mediated by estrogen in estrogen receptor (ER) positive patients™
Through demethylating BCL2 and adenovirus E1B 19-kDa-
interacting protein 3 (BNIP3) 3'-UTR mRNA m®A modification
and inducing its degradation, FTO promotes carcinogenesis and
tumor growth in breast cancer®”.

mRNA m®A modification plays a crucial role in self-renewal
and tumorigenesis of glioblastoma stem cell (GSC)**. Inhibition
of FTO can suppress tumor progression and prolong lifespan of
GSC-grafted mice by regulating mRNA mC°A enrichment and
related gene expression”’, which suggests that FTO can be a po-
tential target in glioblastoma.

FTO is overexpressed and correlated with endometrial cancer
risk in non-Hispanic white women and estrogen induces FTO
nuclear accumulation, thereby enhancing endometrial cancer cell
proliferation via increasing the phosphorylation of mTOR®'.
While the latest report by Gaudet et al.°* showed that FTO was not
associated with endometrial cancer risk. Therefore, the relation-
ship between FTO and endometrial cancer still needs further
research to find a clearer regulatory mechanism. In another gy-
necological tumor, cervical squamous cell carcinoma (CSCC),
FTO can induce the chemo-radiotherapy resistance in patients by
increasing B-catenin expression and in turn strengthening activity
of excision repair cross-complementation group 1 (ERCCI1)
through reducing S-catenin m°A levels in its mRNA transcripts®’.

FTO expression is also upregulated in both protein and mRNA
levels in gastric cancer (GC) tissues, closely relating to low dif-
ferentiation, lymph node metastasis, TNM stage as well as poor
prognosis in GC®. The consistent roles were uncovered that FTO
induces the proliferation, migration, and invasion ability of lung
cancer cells by decreasing the m®A level and increasing mRNA
stability of ubiquitin carboxyl-terminal hydrolase 7 (USP7) and
myeloid zinc finger protein 1 (MZF1)*>. Thus FTO may be as a
critical molecular marker in GC and lung cancer diagnosis and
prognosis, while discoveries of detailed mechanism underlying
FTO activity and FTO targets are still necessary.

Not only in solid tumors, FTO also is an oncogene in AML,
especially in some certain subtypes with fms-like tyrosine kinase
3-internal tandem duplication (FLT3-ITD), t (15; 17)/protein
PML-retinoic acid receptor alpha (PML-RARA), nucleophosmin
(NPM1) mutations, or myeloid-lymphoid leukemia (MLL) rear-
rangements. FTO can inhibit all-trans-retinoic acid (ATRA)-
induced AML cell differentiation through reducing m®A levels in
target genes mRNA transcripts®®, as well as decreasing the
sensitivity of leukemic cells to R-2-hydroxyglutarate (R-2HG)™
The functional significance of FTO in leukemogenesis and drug
resistance provide a promising therapeutic strategy to treat
leukemia with FTO inhibitors and others’ drug combination
(Table 1).

6.2.  Effect of FTO in other disease

Besides cancers, FTO is considered as an important factor for the
development of age-related and metabolic disease, such as type 2
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Table 1  The role of FTO in cancers and other diseases.
Cancer type Expression Regulated Ref.
pathway or target
Breast cancer High PI3K/AKT 59
BNIP3 60
Glioblastoma High mRNA m°A 24
enrichment
Endometrial cancer High mTOR 61
Cervical squamous High B-Catenin; 63
cell carcinoma ERCClI
GC High Low 64
differentiation,
lymph node
metastasis and
TNM stage
Lung cancer High USP7 65
Acute myeloid High Leukemic 66
leukemia oncogene-

mediated cell
transformation

and

leukemogenesis

Minor allele A of 67
FTO variant
1s9939609

Type 2 diabetes/
cardiovascular
disease/polycystic
ovary syndrome

Alzheimer’s disease High Tau/TSC1/mTOR 68

Kidney diseases High a-SMA 70
Premature ovarian Low High RNA m°A 71
insufficiency modification

diabetes mellitus, cardiovascular disease, and dementia®’. The
minor allele A of FTO variant rs9939609 was reported to be
associated with increased risk of type 2 diabetes mellitus and
cardiovascular disease along with polycystic ovary syndrome
(PCOS). Because of the commonly association among diabetes,
obesity and Alzheimer’s disease (AD), Li® revealed that FTO was
involved in the insulin defects-associated AD with activating the
phosphorylation of Tau by increasing the mRNA level of TSC
complex subunit 1 (TSC1). Knockout FTO in the neurons could
also decrease the cognitive disorder in AD mice®. FTO deficiency
can also improve metabolic syndrome, glucose tolerance and
reduced ectopic fat in the liver®, which indicates that FTO can be
used as a regulatory target for metabolic diseases. Similarly, FTO
was overexpressed after ureteral obstruction and renal fibrosis. In
FTO deficient kidney, global gene transcriptions amplitude is
reduced after ureteral obstruction renal tubular cells produce
decreasing «-smooth muscle actin (SMA) when treated with
transforming growth factor beta (TGF-@). These results revealed
significant role of FTO in obstructive nephropathy and had po-
tential therapeutic implications’’. While in premature ovarian
insufficiency (POI) disease, FTO mRNA and protein expression
levels are significantly lower in POI patients and RNA m°A
modification is higher. Thus, FTO may be as a novel potential
biomarker of POI diagnosis71 (Table 1).

6.3.  Distinct roles of ALKBHS in cancers

As a crucial direct target of hypoxia-inducible factor 1« (HIF-
la), ALKBHS had significant effect in regulating cellular
response to hypoxia, which was a common characteristic of
various cancers and was connected with chemo-radio resistance,

invasiveness, and angiogenesis’”. Unlike FTO through meta-
bolic and adipose pathways, ALKBHS regulates the capacity of
tumor initiation in breast cancer cells by demethylating 3’-UTR
m®A of pluripotency factor nanog homeobox (NANOG) under
hypoxia. Exposure to hypoxia stimulated HIF-1«- and hypoxia-
inducible factor 2« (HIF-2«a)-dependent expression of
ALKBHS, which increased NANOG level and breast cancer
stem cell phenotype’’. In addition, ALKBH5 also combines
with zinc finger protein 217 (ZNF217) and then induces
ZNF217-dependent m°®A inhibition of NANOG and Krueppel-
like factor 4 (KLF4) mRNAs to promote breast cancer prog-
ress’*. Similar to FTO, ALKBHS5 is overexpressed in glioblas-
toma stem-like cells and contributes to tumorgenicity. The
difference lies in the clear mechanism that ALKBHS could
demethylate Forkhead box protein M1 (FOXM1) nascent tran-
scripts, thus resulting in increased FOXM1 expression’”. Based
on the demethylation of ALKBHS in FOXM1 and NANOG,
DEAD-Box helicase 3 (DDX3), a potential factor in chemo-
resistance and recurrence and involving in numerous aspects of
RNA metabolism and translation, can decrease ALKBHS-
mediated m®A methylation and suppress expression of
FOXM1 and NANOG to inhibit cisplatin resistance in oral
squamous cell carcinoma (OSCC)’®. Through downregulating
FOXM1 mRNA m°A modification and promoting FOXMI
expression as well as targeting metallopeptidase inhibitor 3
(TIMP3) 3’-UTR and repressing TIMP3 transcript stability,
ALKBHS can induce proliferation and invasion of lung
adenocarcinoma cells’””®. Overexpressed ALKBHS5 in epithe-
lial ovarian cancer inhibits autophagy as well as promotes the
proliferation and invasion of the epithelial ovarian cancer cells
in vitro and in vivo through the EGFR—PIK3CA—AKT-mTOR
signaling pathway by interacting with HuR or stabilizing BCL-2
mRNA and promoting its interaction with beclin1>.

Except by acting on mRNA, ALKBHS was characterized to
bind to IncRNA nuclear paraspeckle assembly transcript 1
(NEAT1) and affect its m°®A level and then promote invasion and
metastasis of GC’°. Otherwise, low-m°A mediated by ALKBHS5
can activate oncogenic Wnt/phosphoinositide 3-kinase—RAC-
alpha serine/threonine-protein kinase (Wnt/PI3K—AKT) signaling
in GC, showing ALKBHS can be used to predict adverse clini-
copathological features of GC™. Similarly, by interacting with
another IncRNA growth arrest specific 5-antisense RNA 1 (GAS5-
AS1), ALKBHS enhances tumor suppressor GASS stability by
decreasing GAS5 m°A modification in YTHDF2 dependent
manner, thus promoting cervical cancer distant metastasis,
lymphatic metastasis and poor prognosis®’. In osteosarcoma,
ALKBHS5 is a critical factor to cause tumor by decreasing the m®A
of IncRNA PVTI1 to participate the growth and chemo-
sensitivity®>. ALKBH5 is overexpressed and essential for the
development and maintenance of AML as well as self-renewal of
leukemia stem/initiating cells through affecting mRNA stability of
transforming acidic coiled-coil containing protein 3 (TACC3),
which shows close correlation with poor prognosis in patients®
(Table 2). These studies provide insights into the crucial roles of
ALKBHS in various cancers.

Not only considered as an oncogene, ALKBHS also shows
opposite roles in pancreatic cancer, colon cancer and hepatocel-
lular carcinoma® ®°. In pancreatic cancer, ALKBH5 can de-
methylate potassium two pore domain channel subfamily K
member 15—antisense RNA 1 (KCNK15—-AS1) and downregulate
KCNK15—-AS1-mediated cell motility to inhibit metastasis ability
of pancreatic cancer cells®’. Similarly, ALKBHS5 expression is
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Table 2  The role of ALKBHS in cancers.
Cancer type

Expression Regulated Ref.
pathway or target

Breast cancer High 3'-UTR m°A of 73
NANOG
KLF4 74
Glioblastoma High FOXM1 75
OscC High DDX3 76
Lung adenocarcinoma High FOXM1 77
cells
NSCLC TIMP3 78
Epithelial ovarian High EGFR-PIK3CA- 55
cancer AKT-mTOR
BCL-2
Gastric cancer High IncRNA NEAT1 79
Wnt/PI3K-Akt 80
Cervical cancer High GASS 81
Osteosarcoma High IncRNA PVT1 82
AML High TACC3 83
Pancreatic Cancer Low KCNK15-AS1 84
cells
Colon cancer Low 85
Hepatocellular Low LYPD1 86
carcinoma

reduced in human colon cancer tissues, showing distinctly nega-
tive correlation with distant metastasis and cancer stage identified
by American Joint Committee®®. According to the latest research,
ALKBHS suppresses malignancy of hepatocellular carcinoma by
erasing the m®A modification of LY6/PLAUR domain containing
1 (LYPD1) and leads to its post-transcriptional inhibition. More-
over, ALKBHS is down-regulated in hepatocellular carcinoma and
is closely related to the survival outcome of hepatocellular car-
cinoma patients (Table 2)*°. These discoveries provide a novel
understanding of the function of ALKBHS in cancer and the
opposite effects show the tissue function specificity of ALKBHS.

Thus, both FTO and ALKBHS display enhanced roles on
various cancers development, which can be novel therapeutic
targets for cancers treatment. Moreover, these studies also suggest
the urgency of the discovery of selective inhibitors of ALKBHS.

7. Inhibitor screening methods of FTO and ALKBHS5
7.1.  Polyacrylamide gel electrophoresis (PAGE)-based assay

PAGE-based assay is the earliest method that was used to quantify the
activity of m°®A demethylase. Nucleic acid substrates of FTO or
ALKBHS are annealed to the complementary strand for endonucle-
ases digestion and the digested samples can be checked by non-
reducing PAGE. As endonucleases can’t recognize the methylated
substrate, the PAGE can distinguish methylated and unmethylated
nucleic acids and the results reveal activity of FTO or ALKBHS and
inhibition effect of compounds against demethylation activity of FTO
or ALKBHS. This method is low cost, but also low throughput with
complicated process and inexact quantification. So, other detection

methods are always needed to verify the results™.

7.2.  Liquid chromatography-tandem mass spectrometry
(LC—-MS/MS)

As a classical separation and quantification method, HPLC plays
an important role in identifying m°A demethylases inhibitors.

Depending on adsorption difference of stationary phase to
various material in mobile phase, m®A can be separated from
adenine in specific nucleotide sequence. After quantify the m®A
demethylation assay results, compounds which can inhibit FTO
or ALKBHS5 demethylation activity will be verified™’. In addi-
tion, combination of LC and mass spectrometry is also used to
discover m°A demethylases inhibitors. After separating by
HPLC, the nucleosides are subsequently analyzed by online mass
spectrometry, making the m°A demethylation assay precisely
performed'**?. Nevertheless, these methods are low throughput
and high cost for compounds screening. They can be used to
identify the inhibitors effect but are not suitable for early com-
pounds screening.

7.3.  Fluorescence polarization (FP) assay

FP, an assay based on the light polarization, was used to screen
FTO inhibitors by Huang et al®’. In their assay, the ssDNA sub-
strate containing m°A was labeled with carboxyfluorescein
(FAM). They detected the fluorescence polarization to reflect the
substrate binding to FTO, thereby indicating the inhibitory activity
of compound to the interaction between FTO and substrate. This
method can be conducted in a multiple-well plate, so it is appli-
cable for high throughput screening. However, this method may
miss the compound competing coenzyme and is easily influenced
by many factors. So, the result also needs to be verified and
confirmed by other methods®’.

7.4.  Formaldehyde dehydrogenase (FDH)-coupled assay

In our previous research, we reported a FDH coupled assay to
detect ALKBHS activity®. This assay quantifies the formaldehyde
produced by ALKBH5 demethylation on m°®A. The formaldehyde
is oxidized by FDH to formic acid, along with the reduction its
cofactor from nicotinamide adenine dinucleotide (NAD) to NADH
with fluorescence. The fluorescence intensity can be quantified by
microplate reader (4ex = 360 nm, A.,, = 460 nm), reflecting the
inhibitory activity of compounds against ALKBHS. This method
can be used for high throughput ALKBHS inhibitors screening
with low cost. While the compound with self-fluorescence or
quenching property can obstruct the assay®®.

7.5.  Alphascreen assay

With the development of biotechnology, antibody-based assays
such as time-resolved fluorescence resonance energy transfer
(TR-FRET) and alphascreen have been used to analyze bio-
molecules interaction®” . In our previous report, we used
alphascreen assay to establish a new assay for ALKBHS inhibitor
screening. In alphascreen beads-based technology, photoactive
donor beads can convert ambient oxygen to excited singlet ox-
ygen at 680 nm. If the acceptor bead is within approximately
200 nm distance from donor beads, the energy will be transferred
to the acceptor beads, resulting in light production at 570 nm.
Based on this, m®A antibody and biotinated-ALKBHS5 substrate
are captured by accepter beads and donor beads, respectively. If
ALKBH5 demethylates m°®A, the donor beads would not be in
proximity of the acceptor beads, and the singlet oxygen energy
would not be transferred, thus no signal is produced at 570 nm.
The ALKBHS activity and inhibitory activity of inhibitors would
be indicated by the light intensity. This antibody-based assay
performs excellent in selectivity and sensitivity and can be
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applied to high throughput screening. While its cost may be
higher because of biotin labeled substrate and antibody
requirement™®,

The above methods represent screening methods based on
different principles, PAGE-based, mass spectrometry-based, light
polarization based, coupled enzyme-based, and antibody-based.
The different characteristics of these methods can be com-
plemented and verified with each other, providing effective tools
for the discovery of FTO and ALKBHS inhibitors.

8. Conclusions

mRNA plays a crucial role in carrying genetic information and
guiding protein synthesis in eukaryotic. m®A was discovered as
the most abundant internal modification in eukaryotic mRNA.
Like other epigenetic modifications, the discovery of FTO and
ALKBHS5 suggests that the m®A modification is a reversible and
dynamic process. Using various crystallographic structural anal-
ysis, their substrate binding sites and demethylation mechanism
have been revealed clearly in recent years. Though both FTO and
ALKBHS have the similar demethylation mechanism, there also
are some differences in structure and substrates recognition, thus
resulting in differences in substrate species and functions. FTO
can recognize dsDNA and ssDNA or ssRNA and mainly affect the
metabolic related functions and diseases, while ALKBHS can only
recognize single stranded nucleic acid because of its special di-
sulfide bond structure. And their structural characteristics also
become an important basis for the designing of inhibitors. As
these two enzymes are considered as novel drug targets for
numerous diseases, especially for tumors and diabetes, the dis-
covery of small molecular inhibitors offered new treatment strat-
egy. Presently, there have been various inhibitors for FTO with
different mechanisms. Among substrate competitive inhibitors,
due to the distinct substrate binding of FTO from ALKBHS5, many
inhibitors are selective, which provides skeleton and designing
ideas of many selective inhibitors. As to 20G-derivatives and
Fe(Il) chelating agent, both cyclic and acyclic 20G analogues
were shown to have FTO inhibitory activity without selectivity.
There are also some other mechanism inhibitors of FTO that ex-
pends the structural types of FTO inhibitors. However, only
several compounds have been characterized as ALKBHS5 in-
hibitors up to now, and there are no outstanding and selective
inhibitors. To ameliorate the problem, designing of compounds
and screening of compound library are key strategies, and dif-
ferential structural characterization between FTO and ALKBHS as
well as the binding principle of discovered inhibitors can provide
ideas for designing or modification of ALKBHS inhibitors. In this
review, we discussed the various screening methods based on
different principles, and expected to provide more solutions for
ALKBHS inhibitor discovery.

In functions, because m®A is the most abundant modification in
eukaryotic mRNA, FTO and ALKBHS5 have broad functions,
covering RNA metabolism, adipose tissue and muscle tissue
metabolism, TL and circadian clocks as well as spermiogenesis
and autophagy et al. These functions also determine the important
role of FTO and ALKBHS in many diseases, particularly in can-
cers, although their roles in various disease are not consistent,
which needs more in-depth and sophisticated research. Certainly,
there may also be other substrates catalyzed by FTO and
ALKBHS, such as other methylated bases in RNA or DNA, as

well as other m°A modified downstream genes. Their demethy-
lation mechanism and biological functions need further excava-
tion. With the aid of more advanced sequencing technologies and
disease models, deeper understanding of m®A and new strategies
to the treatment of related diseases will be revealed.
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