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ABSTRACT

Two human demethylases, the fat mass and obesity-
associated (FTO) enzyme and ALKBH5, oxidatively
demethylate abundant Nf-methyladenosine (m®A)
residues in mRNA. Achieving a method for selective
inhibition of FTO over ALKBH5 remains a challenge,
however. Here, we have identified meclofenamic acid
(MA) as a highly selective inhibitor of FTO. MA is
a non-steroidal, anti-inflammatory drug that mecha-
nistic studies indicate competes with FTO binding
for the m®A-containing nucleic acid. The structure
of FTO/MA has revealed much about the inhibitory
function of FTO. Our newfound understanding, re-
vealed herein, of the part of the nucleotide recogni-
tion lid (NRL) in FTO, for example, has helped eluci-
date the principles behind the selectivity of FTO over
ALKBHS5. Treatment of HeLa cells with the ethyl ester
form of MA (MA2) has led to elevated levels of méA
modification in mRNA. Our collective results high-
light the development of functional probes of the FTO
enzyme that will (i) enable future biological studies
and (ii) pave the way for the rational design of potent
and specific inhibitors of FTO for use in medicine.

INTRODUCTION

The methylation of internal adenosines at the N® posi-
tion (m°A) in messenger RNA (mRNA) was first observed
several decades ago (1,2). A grasp of its regulatory func-
tion was missing, however, until the discovery of the fat
mass and obesity-associated (FTO) enzyme in 2011. An

m®A demethylase, FTO, was shown to regulate cellular
levels of endogenous m°A residues, which strongly sug-
gested that the m°A modification in mRNA is reversible
and might be subject to dynamic regulation (3). The exis-
tence of the m°A demethylase FTO and the demonstration
of the dynamic regulation of the levels of m°®A have stim-
ulated explorations of m°A modifications and related en-
zymes. Researchers have uncovered a wealth of unequiv-
ocal evidence for m®A function. The identification and
characterization of the m°A methyltransferase tricomplex
(METTL3-METTL14-WTAP) further highlights the bio-
logical significance of m°A methylation (4,5). The physio-
logical relevance of this modification remains unclear, how-
ever. Two recent RNA ‘methylome’ studies have provided
a map of m®A-modified mRNAs (6,7). Both found that
the ubiquitous m®A modification plays a fundamental reg-
ulatory role in gene expression. In addition, binding pro-
teins selectively recognize the dynamic m°®A modification,
research shows, in order to regulate translation status and
the lifetime of mRNA (8). High-resolution mapping has re-
vealed that methylation of adenosine to m°A in mRNA is
particularly important for yeast meiosis (9). These studies
have provided new insights into the distribution and func-
tional role of m®A in mRNA (10,11).

FTO belongs to the family of Fe’* and 2-oxoglutarate
(20G) dependent AlkB dioxygenases (12) and contributes
to non-syndromic human obesity (13). Besides the in-
ternal m®A substrates in mRNA, FTO also oxidatively
demethylates N>-methylthymine (dm>®T) in single-stranded
(ss) DNA and N3-methyluridine (m*U) in ssRNA in vitro
(14), but has relatively lower activities compared to other
AlkB family enzymes that catalyze a wide range of oxida-
tive reactions (15-19). The FTO gene was initially shown
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to influence human obesity and energy utilization (20,21).
In addition, reports indicate the involvement of the FTO
protein itself in various diseases (22-26). Such discoveries
make FTO an increasingly interesting target with respect to
its functional links to human diseases. Another member of
the AIkB family, ALKBHS, was also identified as an m°A
demethylase of mMRNA using Fe>* and cofactor 20G, which
together function to oxidatively remove the methyl group in
mC®A-containing substrates (27). Both FTO and ALKBHS5
are localized to nuclei and colocalize with nuclear speck-
les, indicating the effects of methylation on splicing. Indeed,
knockdown of the ALKBHS gene was shown to affect splic-
ing in tissue culture cells, and displayed a sterility phenotype
in male mice. The discovery of these two m°®A demethylases
within the scientific community highlights the importance
of m®A modification in basic biology and human disease.
Studies that focus on the inhibition of m®A demethylation
will likely (i) shed light on the science of ‘RNA epigenetics’
in chemical biology and (ii) hold promise for future thera-
peutic developments (28,29).

The functions and mechanistic studies of Escherichia coli
AlkB (30-33), and its human homologs, ALKBHI1-8 (34—
36), greatly facilitate the development of inhibitors target-
ing m°A demethylases. Of particular note is a strategy that
involves a 20G-tethering strategy of simultaneously occu-
pying both the 20G- and substrate-binding sites. The prac-
tice of linking 20G derivatives with the substrate analogs
has been successfully applied to the development of selective
inhibitors of histone demethylases containing a jumonji do-
main (37-39). Later on, researchers have applied a similar
strategy in order to develop the inhibitors for the AlkB en-
zyme with success (40). Interestingly, some of the inhibitors
have been shown to be selective over other 20G oxygenases
in vitro. The major concern here, however, is that these in-
hibitors are derivatives of 20G, and therefore cellular 20G
might compete with them. We and others are working con-
currently on the development of FTO inhibitors (41). Our
initial steps have led to the identification of the natural prod-
uct rhein as the first inhibitor of FTO through structure-
based virtual screening (42). Rhein, unlike the generic in-
hibitors of either chemical mimics of 20G or chelators of
iron (43), competitively disrupts FTO from binding to the
mCA substrate, and promotes the thermal stability of FTO
by directly binding. Rhein also actively increases cellular
levels of m®A in mRNA.. The structural complex shows that
rhein does indeed bind to the nucleic acid-binding site (44).
However, rhein shows little selectivity for the AlkB subfam-
ily, which eclipses its utility as a specific functional probe of
FTO inside the cell. The 20G-tethering strategy was also
used to develop the cell active FTO inhibitors; during the re-
vision of this work, these inhibitors proved highly selective
in vitro for the AlkB subfamily. In vivo selectivity remains
unclear, however (45).

In order to avoid competition with internal 20G, we em-
ployed an alternative approach to the identification of se-
lective inhibitors of FTO. We performed a high-throughput
fluorescence polarization (FP) assay to compare the differ-
ences in the displacement of m®A-containing ssDNA bind-
ing to FTO and ALKBHS, respectively, in the presence of
compounds. This screening led directly to the discovery of
meclofenamic acid (MA) that specifically inhibits FTO over

ALKBHS5. Herein, we focus on a mechanistic study of the
selective inhibition of m®A demethylase. Our results will
create opportunities for understanding the development of
specific functional probes that may target FTO for biologi-
cal and therapeutic purposes.

MATERIALS AND METHODS
Protein expression and purification

The expression and purification of FTOaN3; (encoding for
His-tag human FTO with N-terminal 31 residues truncated)
was modified from previously reported methods (14). E. coli
BL21(DE3) cells transformed with the pET28a-F7TO Ay3;
plasmids were grown at 37°C to 4499 0.6-0.8 and induced by
0.5 mM Isopropyl B-D-1-thiogalactopyranoside at 16°C for
16 h. The cell pellets were harvested and stored at —80°C.
The cells were resuspended and sonicated in 20 mM Tris-
HCI, pH 8.0, 300 mM NacCl in the presence of 5% glyc-
erol. The lysate was centrifuged and the supernatant was
loaded onto a 5 ml HisTrap™ HP column (GE Health-
care). The column was allowed to reach equilibrium with
binding buffer (20 mM Tris-HCI, pH 8.0, 300 mM NacCl,
10 mM imidazole) and eluted with elution buffer (20 mM
Tris-HCI, pH 8.0, 300 mM NaCl, 200 mM imidazole). The
fractions were diluted and applied onto a 1 ml MonoQ col-
umn, and eluted with a linear gradient of 0-500 mM NacCl,
followed by a gel filtration (Superdex 200) in 50 mM Tris-
HCI, pH 8.0, 150 mM NaCl. The combined protein frac-
tions were collected and concentrated to 20 mg/ml for stor-
age.

The human ALKBHS54s 792 gene was cloned into the
pET28a vector, encoding an N-terminal His-tagged protein.
The protein was purified by affinity chromatography as de-
scribed (46) and eluted with 500 mM imidazole in 20 mM
Tris-HCI, pH 8.0 and 500 mM NaCl. The fractions were
loaded on 12% sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE) for purity analysis. Finally,
high purity of ALKBHS5 protein was obtained for further
bioassays.

PAGE-based assay of the inhibition of m®A demethylation in
ssDNA

The known PAGE-based procedures were performed
in order to evaluate the inhibitory activities (14,42).
FTOan31 and ALKBHS5¢6 290 proteins were purified
as described above. The methylated 49 nt ssDNA
substrate sequence covered a Dpnll cleavage site [5'-
TAGACATTGCCATTCTCGATAGG(dm®A)TCCGGT
CAAACCTAGACGAATTCCA-3]. The reaction mix-
tures contained 50 mM Tris-HCI, pH 7.5, 1 pM ssDNA,
1 M FTO or 3 oM ALKBHS, 300 pM 20G, 280 pM
(NH4),Fe(SOy4),, 2 mM L-ascorbic acid, and compounds
at varying concentrations. After incubation at room tem-
perature for 2 h, the reactions were heated to quench.
The ssDNA was annealed to the complementary strand
for Dpnll digestion. The digestion samples were checked
on 15% non-reducing PAGE, with Gel-Red staining to
measure the intensity of bands.



High performance liquid chromatography (HPLC)-based as-
say of the inhibition of m°A demethylation in ssDNA or ss-
RNA

Based on the published HPLC-based protocol (3,27),
reactions were set up to quantitatively verify MA
inhibition of FTO and ALKBHS5 demethylation ac-
tivities. The reactions contained 1 pM FTO or 5 pM
ALKBHS, 5 pM 20 nt ssDNA (5-CTCGATACG
(dm°A)TCCGGTCAAA-3') or 5 uM 20 nt ssRNA (5'-
CUCGAUACG (m°A)UCCGGUCAAA-3) in 50 mM
Tris-HCIL, pH 7.5, 300 pM 20G, 280 oM (NH4),Fe(SO4),,
2 mM L-ascorbic acid, and serial concentrations of com-
pounds, incubated at 25°C for 2 h for ssDNA or 30 min
for ssSRNA. The reactions were terminated by heating and
the mixtures were digested by nuclease P1 and alkaline
phosphatase. The digestion products were separated and
analyzed on an HPLC system with a Phenomenex Luna
Sp C18 analyses column (150 x 4.6 mm). The mobile
phase binding buffer (25 mM NaH,PO,) and elution buffer
(acetonitrile) were mixed and flown at a rate of 1 ml/min.
The detection wavelength was 266 nm. To determine the
1Cs, different concentrations (0.5, 1, 5, 10, 50, 100, 500
and 1000 wM) of inhibitor MA were used to calculate the
inhibitory percentages of demethylation, using nonlinear
regression, dose-response fit on GraphPad Prism 5.0™.
All reactions were performed in triplicate.

Differential scanning fluorimetry

A 30 pl mixture containing 2 wM FTO or ALKBHS pro-
tein, 5 x SYPRO Orange dye (Invitrogen, commercial stock
is 5000x) and tested compounds (or 1.5% dimethyl sul-
foxide (DMSO) control) was set up for differential scan-
ning fluorimetry (47). Assays were performed using real-
time polymerase chain reaction detection system (ABI 7500
Fast) and heated from 25°C to 95°C at 1% ramp rate. The
excitation and emission wavelength is 492 nm and 610 nm,
respectively. Melting curves were analyzed with Graphpad
Prism 5.0™. All reactions were performed in triplicate.

FP assay

The fluorescein-labeled ssSDNA substrate [5'-ATTGTCA
(dm®A) CAGCAGA-FAM-3'] was used in the FP assay. Se-
rial dilution compounds were added to a reaction mixture
containing 50 mM borate buffer, pH 7.5, 3 pM FTO and
20 nM ssDNA or 125 nM ALKBHS5 and 25 nM ssDNA,
respectively, to a final volume of 100 pl. After incubation at
room temperature for 30 min, FP was measured on a Mi-
croplate Reader at the wavelength of 480 nm for excitation
and 520 nm for emission, respectively. The inhibitory curves
and parameters were calculated from nonlinear regression
using GraphPad Prism 5.0™.

Crystallization and structure determination of FTO/MA
complex

Crystals of FTOan3; in complex with inhibitor MA were
grown in 289 K using the vapor diffusion method. FTOaN3;
proteins were incubated with 1 mM MnCl,, 3 mM N-
Oxalylglycine (NOG) and 1.5 mM MA on ice for 30 min
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and mixed with a reservoir solution of 100 mM sodium cit-
rate, pH 5.6, 11.5% (w/v) polyethylene glycol (PEG) 3350,
and 8% isopropanol at a volume ratio of 1:2. The crys-
tals were cryoprotected using 20% (v/v) glycerol and then
flash-frozen in liquid nitrogen. Diffraction data were col-
lected at Shanghai Synchrotron Radiation Facility beam-
line 17U. All X-ray data were processed using HKL2000
programs (48) and converted to structure factors within the
CCP4 program (49). The structure was solved by molecu-
lar replacement in Phaser using the structure of FTO/dm>T
complex (PDB code 3LFM) as the searching model (50).
The model of structural complex FTO/MA was manually
built using COOT (51) and computational refinement was
carried out with the program REFMACS (52) in the CCP4
suite.

Cell line and antibodies

Human HeLa cells were routinely grown in a humidi-
fied incubator at 37°C with 5% CO, in Dulbecco’s modi-
fied Eagle’s medium (Gibco) supplemented with 10% Fe-
tal Bovine Serum (FBS) and 1% penicillin/streptomycin.
HeLa cells were purchased from Cell Culture Center of
Institute of Basic Medical Sciences (Chinese Academy of
Medical Sciences, Beijing, China). The primary antibodies
were purchased from commercial sources: Rabbit anti-FTO
(5325-1; Epitomics), HRP-goat anti rabbit IgG (E030120-
01; Earthox), HRP-goat anti mouse IgG (E030110-01;
Earthox). Rabbit anti-ALKBHS5 was gifted from Profes-
sor Yungui Yang (Beijing Institute of Genomics, Chinese
Academy of Sciences).

Analysis of MA2 conversion to MA inside cells

The Prominence LC-20A HPLC system coupled with an
Applied Biosystems 5500 QTrap mass spectrometer oper-
ated in positive form and negative ion mode were used in
order to analyze the MA?2 intracellular metabolic product.
A supposed product is MA, the acid form of MA2. MA’s
precursor ion and product ion m/z were 296.3 and 215.9,
respectively. HeLa cells were harvested after exposure in the
mediums with 80 wM MA2 for 24 h and washed thrice with
phosphate buffered saline buffer. The cells were then diluted
to 100 pl with water containing 0.1% formic acid (v/v), fol-
lowed by the addition of 400 p.l of cold methanol, vortexed
sharply and combined with several shock freeze-thaw cy-
cles. Samples were centrifuged and the supernatant was col-
lected and dried using a vacuum evaporator. The residue
was redissolved in 100 pl methanol and centrifuged at 10
000 x g at 4°C for 20 min in order to obtain a clear extract
for liquid chromatography coupled to tandem mass spec-
trometry (LC-MS/MS) analysis.

Inhibition of m®A demethylation in HeLa cells

The tested compounds were freshly dissolved into cell me-
dia before feeding to HeLa cells at varying concentrations
as indicated. After a 24 h incubation period, cells were
harvested and the total cellular RNA was isolated with
TRIZOL Reagent (Invitrogen). mRNA was extracted us-
ing PolyATtract® mRNA Isolation Systems (Promega),
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followed by further removing of contaminated rRNA us-
ing RiboMinus Transcriptome Isolation Kit (Invitrogen).
The isolated mRNA samples were digested by nuclease
P1 and alkaline phosphatase following standard protocol.
The nucleosides were separated by reverse phase ultra-
performance liquid chromatography coupled with online
triple-quadrupole LC mass spectrometer detection, and
quantified by comparison with the standard curve obtained
from nucleoside standards running the same batch of sam-
ples. The ratio of m®A /A or m°A/U was calculated.

RNA knockdown and overexpression of FTO and ALKBHS
by transient transfection

The target FTO mRNA sequence is 5-AAAUAGCC
GCUGCUUGUGAGA-3'. The FTO knockdown control
(called Si control) used a non-sense siRNA with the
sequence 5'-CAGGGTATCGACGATTACAAA-3'. The
FTO plasmid used for overexpression was constructed full-
length into mammalian vector pcDNA3 with N-terminal
FLAG-tag. The FTO overexpression control (called Oe
control) was transfected with an empty vector, pcDNA3.
For the in vivo selectivity experiments, all the HeLa cells
used were transfected with FTO SiRNA. ALKBHS5 was
overexpressed in the transfected HeLa cells with FTO
siRNA using a mammalian expression vector. SIFTO Oe
control was transfected with an empty vector of pEGFP.
SiFTO Oe ALKBHS5 was transfected with an ALKBHS
vector in full-length in siFTO cells. All transfections were
performed using Lipofectamine RNAIMAX (Invitrogen)
for siRNA and Lipofectamine 2000 (Invitrogen) for plas-
mid transfection following the manufacturer’s protocols.

RESULTS

MA inhibits FTO demethylation in single-stranded nucleic
acids in vitro

Both FTO and ALKBHS use an oxidation reaction to re-
move the methyl modification of m°A in single-stranded
nucleic acids (Figure 1A). We set up an FP assay in order
to compare the differences in the displacement of dmC®A-
containing ssDNA binding to FTO and ALKBHS, respec-
tively, in the presence of compounds. We defined those
compounds as selectively disrupted FTO binding to ss-
DNA substrate, but these compounds failed to compete on
ALKBHS binding to ssDNA as possible hits. Out of an ini-
tial screening of 900 drugs collected randomly at the Shang-
hai Institute of Materia Medica, three exhibited the selec-
tive ability to compete on FTO over ALKBHS5 binding to
dmCA-containing ssDNA at a single dose of concentration
(Supplementary Figure S1 and Supplementary Table S1). In
the screenings rhein always tested as a positive control. Af-
ter carefully excluding false positives and non-specific com-
pounds, MA was selected for further validation of its in-
hibitory activity (Figure 1A). First, we adopted the restric-
tion endonuclease digestion assay to evaluate the inhibitory
activity of MA. Reactions were run with 1 uM FTO and 1
wM 49 nt dm°A-containing ssDNA and varying concentra-
tions of MA at room temperature for 2 h. Good demethy-
lation activity of the purified FTO enzyme was observed in
the control reaction, indicating that FTO was biochemically

active (Figure 1B). MA was shown to inhibit FTO demethy-
lation in a dose-dependent manner. The demethylation ac-
tivity of FTO was completely abolished when 100-fold ex-
cess of MA was added to the system with respect to ssDNA
substrate (Figure 1B). To confirm the observed inhibitory
activity of MA, reaction products were subjected to HPLC-
based detection assay. As shown in Supplementary Figure
S2, nucleosides dC, dG, dT, dA and dm®A were well sep-
arated in the HPLC trace, while corresponding dm°A ab-
sorbent peaks disappeared in the presence of 0.2 equivalent
of FTO to ssDNA. This result indicates an FTO-mediated
conversion of dm®A to normal dA. Treatment with the
equivalent of 20 MA to ssDNA under the same reaction
conditions effectively abolished FTO demethylation activ-
ity, as evidenced by the remaining dm°A peak. We have de-
termined the dose-dependent response of MA inhibition of
FTO demethylation on a dm®A-containing 20 nt ssDNA at
pH 7.5 and 25°C. The ICs value was measured to be 7 uM
using the HPLC assay (Supplementary Figure S3A). In ad-
dition, the presence of 20 equivalents of inhibitor MA to
FTO protein also effectively abolished FTO demethylation
on ssRNA, as evidenced by the remaining m°A peak in the
HPLC trace (Figure 1D). The ICs value for ssRNA inhi-
bition was measured at 8 M (Supplementary Figure S3B).
These in vitro biochemical experiments revealed that MA
efficiently inhibited FTO demethylation of m®A-containing
single-stranded nucleic acids.

Selectivity of the inhibitory activity of MA

Parallel experiments were carried out for comparison.
Namely, the inhibitory activity of MA on ALKBHS
demethylation on the same nucleic acid substrate was exam-
ined in both restriction endonuclease digestion and HPLC-
based detection assay. Both assays first validated that the
purified ALKBHS enzyme was in the active form for dm°A
demethylation in ssDNA (Figure 1C; Supplementary Fig-
ure S4). However, MA could not inhibit the ALKBHS5-
mediated dm®A conversion to adenine in ssDNA even at
high concentrations up to 0.5 mM (100-fold compared to
ALKBHY) in vitro (Figure 1C; Supplementary Figure S4),
nor could it inhibit the m®A demethylation in ssRNA (Fig-
ure 1E). These results show exclusively the selective prop-
erty of MA inhibition on FTO demethylation of m°®A sub-
strates over ALKBHS in vitro. In order to further test the
in vitro target selectivity and the off-target effects of MA
on inhibition of nucleic acid demethylation, we tested the
inhibition of dm'A repair by two other human demethy-
lases, ALKBH2 and ALKBH3 (53), respectively, by using
the robust restriction endonuclease digestion assay (Sup-
plementary Figure S5A). As expected, MA could not in-
hibit ALKBH2 repair dm'A in dsDNA (Supplementary
Figure S5B); nor does MA inhibit ALKBH3 demethylation
of dm!A in ssDNA (Supplementary Figure S5C). These re-
sults establish MA as a highly selective inhibitor of FTO in
vitro.

MA competes on FTO binding to ssDNA

We then investigated the interaction between FTO enzyme
and inhibitor MA. Following the FP assay, we analyzed
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Figure 1. Selective inhibition of m®A demethylases in vitro. (A) Scheme of the reverse of m®A modification in single-stranded nucleic acids by FTO and
ALKBHS, respectively. The chemical structure of MA is shown. Our research posed the following question: could the inhibition of FTO be selective and,
if s0, how? (B) Detection of inhibition of FTO demethylation on ssDNA using the restriction enzyme digestion assay. In PAGE image, the upper band is
49 nt DNA with dm°A incorporation, and the lower band represents the demethylated products after DpnlI digestion. MA inhibits FTO demethylation
in a dose-response manner. (C) Detection of inhibition of ALKBHS demethylation on ssDNA using Dpnll digestion assay. MA fails to inhibit ALKBHS
demethylation. (D) Shown are HPLC traces of FTO demethylation on m°A in ssRNA in the absence and presence of the inhibitor MA, respectively. (E)
Shown are HPLC traces of ALKBHS5 demethylation on m°A in ssRNA in the absence and presence of the inhibitor MA, respectively.

competition-binding curves to yield ICsy 17.4 wM, thus
demonstrating that MA is capable of competing with FTO
when binding to ssDNA (Figure 2A). On the contrary, bind-
ing between ALKBHS5 and ssDNA was slightly disrupted in
the presence of | mM MA (Figure 2B), which explains the
inactivity of MA for the inhibition of ALKBHS5 demethyla-
tion (Figure 1C and E; Supplementary Figure S4). In order
to further elucidate the interaction between FTO and the
inhibitor MA, we performed a fluorescence-based thermal
shift (DSF) assay to test if MA directly binds to FTO in
vitro. The purified FTO protein was subjected to a gradual
increase in temperature during which the temperature shift
between the melting temperature (77,) in the absence and

presence of the bound MA was measured. As Figure 2C
shows, the binding of MA significantly stabilized the FTO
protein as a reflection of the increasing 7, over 5°C in the
presence of 80-fold excess molar of inhibitor MA. This sta-
bilization property of MA on FTO protein was shown in
a dose-dependent manner. Although no linear correlation
of the degree of temperature shift upon ligand binding with
binding affinity could be established (54,55), this high de-
gree of T, shift of FTO by MA, at least in this one instance,
suggests direct binding of the MA inhibitor to the target
FTO. Again, in agreement with the observed inactive com-
petition on ALKBHS5 binding to ssDNA by MA (Figure
2B), MA minimally alters the thermal stability of ALKBHS
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protein, suggesting that MA does not bind to ALKBHS
in vitro (Figure 2D). In summary, MA likely competes for
FTO binding with dm®A-containing ssDNA through a di-
rect interaction with the FTO protein in vitro. In contrast,
MA neither competes for ALKBHS binding to ssDNA, nor
does it bind directly to the ALKBHS protein, thus explain-
ing the target selectivity of MA on FTO over ALKBHS in
Vitro.

Mechanism of FTO inhibition by MA

We next focused on a mechanistic study of the inhibition of
FTO demethylation of m®A in the presence of the inhibitor
MA. Earlier structures showed that Arg316 plays an essen-
tial role in bridging 20G binding in the active site of FTO.
The carboxyl group in MA might make direct contact with
Arg316 through hydrogen-bonding or salt bridge interac-
tions. If so, 20G could compete with MA for binding in the
cofactor-binding site. We carried out inhibitory reactions of
FTO demethylation in the presence of MA by varying the
20G concentrations from 50 uM to 1 mM. As shown in
Figure 3A, the inhibitory activity of MA is independent of
20G at the detected concentrations, suggesting the unlike-
lihood that MA competes for 20G binding in the cofactor-
binding site. MA is further unlikely to mimic a 20G deriva-
tive in the inhibition mechanism. MA is also known to be
capable of chelating divalent metal ions to form coordi-
nated complexes under certain reaction conditions (56). We
needed to exclude MA as a Fe?* chelator, in which case it
would poison free iron and thus inhibit FTO demethylation.
To this end, we performed inhibition reactions by varying
the concentrations of free Fe?*. Our results reveal that un-
der demethylation conditions, concentrations of Fe?* (Fig-
ure 3B) minimally affect the inhibitory activity of MA, thus
excluding the possibility that inhibitor MA would chelate
free ion. Taken together, MA is neither a chemical mimic of
20G nor a chelator of iron in the mechanism of inhibition
of FTO demethylation in vitro.

A
20G (mM)
MA (uM)

0.05 0.30 0.50 1.0

0 50 100 0 50 100 O 50 100 O 50 100

B
Fe?* (mM)
MA (uM)

0.05 0.10 0.30 0.50
0 50 100 O 50 100 O 50 100 O 50 100

Figure 3. Study of the mechanism of MA inhibition of FTO demethyla-
tion. (A) The inhibitory activity of MA is independent of the 20G con-
centration ranging from 50 uM to 1 mM. (B) PAGE assay showing inhibi-
tion of FTO demethylation on ssDNA with excess Fe>*. All reactions were
performed at room temperature in duplicate.

Structural insight into the mechanism of the inhibition of
FTO by MA

Structural studies of DNA repair enzymes and m°A
demethylases of AlkB family provide a full profile of sub-
strate recognitions as well as an understanding of cofac-
tor bindings for oxidative demethylation in the highly con-
served jelly-roll motif (57-62). However, solely based on
these structures (consider FTO and ALKBHS5 (46,63-65),
for example), the structural elements that account for the
selective inhibition of FTO demethylation over ALKBHS
remain unclear. In order to investigate the molecular recog-
nition at atomic resolution, the structure of FTO in com-
plex with the inhibitor MA was determined by crystallog-



raphy in the presence of metal ion and N-Oxalylglycine
(NOG), a chemical mimic of cofactor 20G. The structural
complex was solved by molecular replacement using the
structure of FTO/dm’T complex (PDB code 3LFM) as the
searching model, and refined to 2.20 A resolution (Figure
4A). The final Ry and Ry were 19.7 and 23.4%, respec-
tively. Supplementary Table S2 summarizes the data collec-
tion as well as refinement statistics. Structural superimposi-
tion of the complexes of FTO/MA and FTO/dm’T clearly
revealed global differences in overall protein folding. As
shown in Supplementary Figure S6A, the major differences
arise from the two helices, a3 in the N-terminal domain
(NTD) and «l1 in the C-terminal domain (CTD). This is
likely a result of crystal packing and occurs regardless of lig-
and binding. MA was bound in the NTD region, and close
to the interface of NTD and CTD. Electron density maps
allow us to clearly assess the presence of the inhibitor. The
Fo-Fc OMIT density contoured to 2.5 sigma and 2Fo-Fc
density contoured to 1.0 sigma confirm that the inhibitor
MA is indeed bound (Figure 4B). The binding site of MA is
partially overlaid by dm*T- and rhein-binding sites (Supple-
mentary Figure S6B). This explains the competitive prop-
erty of MA binding to FTO over the m®A-containing nu-
cleic acid.

Next, we carefully examined the recognition mode and
interaction networks between the inhibitor MA and FTO
target in the presence of cofactors (Figure 4C). Typically,
cofactors are bound by FTO in a standard conformation
resembling most often seen in the complex of FTO/dm?*T
and other AlkB demethylases. The metal ion is ligated
by His231, Asp233 and His307, and bidentate NOG ex-
ists in an octahedral geometry. The following side chains
come into contact with NOG: Asn205, Tyr295 and Arg316
through hydrogen bonding or salt bridge interactions. Of
note, FTO recognizes the inhibitor MA extensively. Hy-
drogen bonding occurs between the carboxyl group in MA
and amides in Ser229 directly and Lys216 through a wa-
ter molecule, respectively. One chlorine atom in MA di-
rectly contacts the complex guanidinium group in Arg96.
In addition, the phenyl ring bearing carboxyl acid sub-
stituent forms hydrophobic interactions with the side chains
of neighboring residues, [le85, Leu90 and Pro93. Through
close inspection of other available structures of FTO, we
have observed that molecules of related symmetry (residues
33-40 and 339-360) contact the model of FTO in the
substrate-binding region where MA binds. As shown in
Supplementary Figure S6C, the portion of the molecules
with related symmetry in the region of the bound MA
demonstrates that MA has no contact with these symmetry-
related molecules. Of note, the first loop in the FTO nu-
cleotide recognition lid (NRL), 31 and B4i, which has been
defined as the part of the NRL, provides hydrophobic in-
teractions with inhibitor MA. ALKBHS lacks this part of
the NRL loop compared to FTO (46), consequently, thus
leading to leakage upon MA binding (Figure 4D). Indeed,
this part of the NRL in FTO illustrates the principles be-
hind the selectivity of inhibition of FTO demethylation over
ALKBHS5. In addition, MA could not inhibit the subfam-
ily members that do have this region of the NRL, including
ALKBH?2 and ALKBH3 (Supplementary Figure S5). The
existence of the hydrophilic and bulky residues in the part
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of the NRL might significantly disturb the inhibitor MA
binding to ALKBH2 or ALKBH3 similarly to FTO (Sup-
plementary Figure S7). Taken together, from the structure
of FTO/MA, it should be possible to design analogs that
optimize the specificity and selectivity for FTO inhibition.

Investigation of the structure-activity relationship of in-
hibitors

In order to further understand the recognition mode
demonstrated by the structure of FTO/MA, we tested
the inhibitory activities of some chemical analogs of the
inhibitor MA (Figure 5). All compounds are commer-
cially available, and we do not perform structural opti-
mization at this stage. As expected, the sodium form of in-
hibitor MA, M AL, still exhibits good inhibitory activity on
FTO demethylation in vitro. The ester form of MA, com-
pound MA2, completely loses its inhibitory activity in vitro,
thus revealing the importance of the interactions mediated
through the carboxyl group. On the other hand, the ester
modification might aid the inhibitor in penetrating cells.
Diclofenac sodium, MA3, bearing one-carbon longer car-
boxyl acid substituent compared to MA, fails to inhibit
FTO, also indicating the importance of hydrogen bonding
between the carboxyl group and the amides as observed in
the structural complex. Why neither MA4 (tolfenamic acid)
nor MAS efficiently inhibits FTO in vitro may involve the
lack of a chlorine substituent or improper substituted posi-
tions, which are essential in maintaining the continued in-
teractions of, or the proper conformation for, compound
binding (Supplementary Figure S8). This concise study of
the relationships within structure—activity further validates
our structural observations, and reveals the competitive and
selective mechanism of inhibition on FTO demethylation by
the inhibitor MA.

Inhibitor elevates the levels of cellular m®A in mRNA by tar-
geting FTO

We then investigated if FTO inhibitor could modulate the
level of m®A modification in mRNA inside cells. The m°A
residues in HelLa cells exist in an FTO activity-dependent
manner as seen for other cell lines, such as 293FT and
BE(2)-C (3,42). Compound MAZ2, the ethyl ester derivative
of MA, is used to achieve better cell penetration. Through
the use of LC-MS/MS analysis, our preliminary study re-
vealed that MA2 is hydrolyzed to yield MA in HeLa cells
(Supplementary Figure S9). We performed MTT assays to
ascertain a safe dosage for cell treatment. >90% of the cells
remain viable at 120 w.M MA?2 as determined by the MTT
(Figure 6A). Cells that received treatment of compound
MAZ2 at a concentration of 80 and 120 wM show significant
increases in the level of m®A modification in total mRNA
compared to the untreated control group (Figure 6B).
Next, we investigated the target engagement of FTO in-
hibitor in vivo. We overexpressed FTO using a mammalian
expression vector. Western blotting of the total cell lysates
from transfected cells confirmed the overexpression of FTO
protein after 24 h (Supplementary Figure S10A). As ex-
pected, total mRNA isolated from HeLa cells overexpress-
ing the wild-type FTO showed a notable decrease of m°A
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Figure 4. Crystal structure of the FTO/MA complex. (A) Overall structure of the complex of MA bound to FTO (PDB code 4QKN) is presented in
cartoon. The C-terminal domain (CTD) of FTO is colored in light blue, the N-terminal domain (NTD) in gray, the inhibitor MA in cyan, Mn”" in orange,
oxygen atom in red and nitrogen in blue. The part of the NRL consists of two antiparallel B-sheets: 33i and B4i. (B) The Fo-Fc OMIT density contoured
to 2.5 sigma (left) and 2Fo-Fc density contoured to 1.0 sigma (right) confirm that MA is indeed bound. (C) Interaction networks between the FTO protein
and MA inhibitor in the presence of cofactor and ion in the active pocket. The environmental residues involved in interactions are shown as sticks. Dark
dotted lines indicate the coordination of Mn2" by ligands and hydrogen bondings. (D) Superimposition of ALKBHS (PDB code 407X) to CTD of FTO
illustrates why MA cannot inhibit ALKBHS demethylation. ALKBHS is colored in magenta. The part of the NRL is indicated.
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Figure 5. Inhibition of FTO demethylation on ssDNA by MA derivatives detected in PAGE assay. Rhein is tested as a positive control of inhibition.
Compounds are examined for their inhibitory activity on 50 and 100 wM, respectively. Chemical structure for each compound is shown.
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Figure 6. Inhibitor increases the cellular levels of m®A modification in HeLa cells. (A) MTT assay determines a safe dosage. Values represent mean =+
SEM and data are representative of three independent experiments. (B) HeLa cells are treated with compound MA2, and the cellular levels of m°A are
quantified. **P < 0.01, ***P < 0.001, determined using Student’s ¢-test. Error bar, mean + SEM for n = 3 experiments. (C) Overexpression of FTO and
inhibitor regulate m®A content in mRNA of HeLa. The m®A/A ratio of mRNA samples isolated from HeLa cells with overexpressed (Oe) FTO in the
absence and presence of compound MAZ2, respectively, was quantified by LC-MS/MS. **P < 0.01, determined using Student’s 7-test. Error bar, mean +
SEM for n = 3 experiments. (D) Knockdown of FTO and inhibitor regulates the m°A content in mRNA of HeLa. Quantification of the m®A /U ratio of
mRNA samples isolated from HeLa cells, treated with SIRNA FTO, in the presence of compound MA?2, was determined by LC-MS/MS, respectively. ** P
< 0.01, n.s., not significant, determined using Student’s ¢-test. Error bar, mean £+ SEM for n = 3 experiments. (E) Overexpression of ALKBHS and FTO
inhibitor regulates m%A levels in mRNA in HeLa. Quantification of the m®A /U ratio of mRNA samples isolated from SiRNA FTO HeLa cells, SIRNA
FTO HelLa with overexpressed ALKBHS, in the absence or presence of compound MA2, was determined by LC-MS/MS, respectively. **P < 0.01, n.s.,
not significant, determined using Student’s 7-test. Error bar, mean + SEM for n = 3 experiments.

(Figure 6C). Interestingly, cellular m®A is restored back note, the treatment of the transfected HeLa cells with F70

to a level comparable to levels seen in the control experi-
ment, when the cells overexpressing the wild-type FTO were
treated with 80 wuM MAZ2 (Figure 6C). This effect appears to
be at least partially due to the selective in vivo inhibition of
FTO demethylase. We also transfected HeLa cells with F70O
siRNA, and western blotting of the total cell lysates from
transfected cells showed the knockdown of FTO 24 h post-
transfection (Supplementary Figure S10B). Consistent with
previous observations, our result shows that knockdown of
the cellular FTO increases m°A in mRNA (Figure 6D). Of

siRNA with compound MA2 does not further alter the cel-
lular level of m°A, indicating that MA2 lacks the ability
to inhibit the demethylations of m°A through ALKBHS or
any unidentified demethylases (Figure 6D).

Lastly, we performed further in vivo studies of the se-
lective inhibitory effect of FTO on ALKBHS. We over-
expressed ALKBHS5 in transfected HeLa cells with FTO
siRNA using a mammalian expression vector. Western blot-
ting of the total cell lysates from transfected cells con-
firmed the overexpression of ALKBHS5 and the knockdown
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of FTO protein after 24 h (Supplementary Figure S10B).
As shown in Figure 6E, overexpression of ALKBHS in
the FTO knockdown cells decreases the cellular level of
m®A in mRNA with significant differences, indicating that
ALKBHS is the active form of demethylation. The treat-
ment of MA2 does not noticeably affect the total level of
m°A in HeLa cells of FTO knockdown when ALKBHS
demethylase is overexpressed (Figure 6E). We concluded
that the increase of cellular m°A is a result of the selective
inhibition of FTO over ALKBHS demethylation due to the
presence of the small-molecule inhibitor in vivo.

DISCUSSION

Methylation of nucleic acids has two forms: damage and
modification. 5-methylcytosine is the epigenetic marker of
DNA. mRNA modification represents another layer of epi-
genetics, analogous to DNA methylation and histone mod-
ification in the regulation of gene expression (29). Increas-
ing evidence shows that m®A in mRNA may affect mRNA
splicing, trafficking, translation and stability, thus establish-
ing that the reversible m®A modification in mRNA plays
broad and critical roles in fundamental biological processes
and disease development (66). To date, two AlkB fam-
ily demethylases, FTO and ALKBHS, have been identi-
fied to efficiently convert m°A to adenosine (3,27). ‘RNA
epigenetics’, centered on m®A modification, has become a
fast-moving research field in chemical biology and holds
promise for future therapeutic development. Future studies
will focus on its fundamental roles and its dynamic regula-
tion of m°A in specific biological contexts. Unlike siRNA
that removes an entire protein, the selective inhibitor only
shuts down the activity of certain targets. Small molecule-
inhibiting FTO is of importance, therefore, and may prove
to have a profound impact on the study of the fundamental
biology of mRNA demethylation as well as related enzymes.
We have identified rhein as the first cell-active inhibitor
of m®A demethylation by applying a structure-based virtual
screening (42). This result has paved the way for the devel-
opment of functional probes to target m°A demethylases
for mRNA on the cellular level. Rhein displays moderate
inhibitory selectivity for nucleic acid demethylation in the
AlkB subfamily, however. The structure of FTO/rhein has
revealed the inhibitor mode of action in vitro (44). Recently,
novel dihydroxyfuran sulfonamides have been identified as
FTO inhibitors through design rationale (in order to mimic
ascorbic acid), which show anticonvulsant activity (41). In
addition, the 2-OG tethering strategy has also been success-
fully applied to the development of selective inhibitor of
FTO in vitro (45). These studies provide both competitive
and non-competitive inhibitors in vitro, which will aid the
development of more potent and specific FTO inhibitors.
However, reported compounds have not yet been demon-
strated to selectively inhibit FTO over ALKBHS in vivo.
We screened a library of older drugs using a high-
throughput FP assay for compounds that compete with
FTO to bind to dm®A-containing ssDNA. We performed
experimental validation to identify MA as a new class of
inhibitor, which is selective for FTO demethylation over
ALKBHS in vitro (Figure 1). MA inhibits FTO demethy-
lation of an m®A-containing ssDNA or ssRNA in a dose-

dependent manner; results of the HPLC assay measured
the ICsg value at 7 and 8 wM, respectively (Supplementary
Figure S3). However, MA fails to inhibit the ALKBHS-
mediated conversion of m®A to adenine either in ssDNA
or in ssSRNA even at high concentrations (ICsp > 0.5 mM)
(Figure 1C and E; Supplementary Figure S4). MA could
not inhibit dm'A repair in dsSDNA by ALKBH2, or in ss-
DNA by ALKBH3 in vitro (Supplementary Figures S5 and
S7). These results therefore establish MA as a highly se-
lective inhibitor of FTO demethylation in vitro. MA com-
petes for FTO binding with m®A-containing ssDNA likely
through direct interaction with the FTO protein. In con-
trast, MA could not bind to the ALKBHS protein; nor does
it compete for ALKBHS binding to ssDNA, thus explaining
the target selectivity of MA on FTO over ALKBHS (Fig-
ure 2). Further biochemical experiments show that MA is
neither a chemical mimic of 20G nor a chelator of iron in
the mechanism of inhibition of FTO demethylation (Figure
3). Of note, the structural complex of MA bound to FTO
reveals a B-hairpin motif that is a part of the NRL for pro-
viding extra interactions between MA and FTO (Figure 4).
ALKBHS lacks this region of the part of the NRL however,
which results in leakage when binding to MA. From this
structural complex, it should be possible to design analogs
that optimize specificity and potency for targeting FTO ex-
clusively. Finally, we also investigate if MA could modu-
late cellular levels of m°A residues in mRNA in an FTO-
activity-dependent manner (Figure 6). Further study of the
in vivo selective inhibition of FTO over ALKBHS is also
performed, revealing that MA could be a functional probe
of FTO demethylation in RNA epigenetics.

MA is a non-steroidal anti-inflammatory drug; it is pri-
marily known for its inhibition of prostaglandins synthe-
sis as well as for its more specific inhibition of cyclooxy-
genase enzymes and lipoxygenases (67), which may be
of interest because recently identified FTO inhibitors are
also derived from dual cyclooxygenase/lipoxygenase in-
hibitors (41). While any possible connections between anti-
inflammatory and selective inhibition of FTO or m®A mod-
ification remain to be explored, the identification of MA
as a highly selective inhibitor of FTO will stimulate more
research into specific inhibitors that exist within our re-
sources of known drugs, for example other cyclooxygenase
inhibitors and members of the class of ascorbic acid-derived
inhibitors. Such studies might even link the regulation of
mP®A modification on gene expression to human diseases.

In summary, we report here on MA, an inhibitor of FTO
demethylation of m°A over ALKBHS. MA is shown to ef-
ficiently and selectively inhibit FTO demethylation by com-
petition on m®A-containing substrate binding. The struc-
tural complex of MA bound to FTO provides molecular in-
sight into the mechanism of competitive inhibition of FTO,
explains why MA selectively inhibits FTO over ALKBHS5
and also reveals a novel binding site to address the chal-
lenge of selectivity in the future design of specific inhibitors
of FTO. In addition, the regulation of m°A abundance
through the inhibitor MA in HeLa cells occurs in an FTO
activity-dependent manner, thus revealing the target en-
gagement of cellular FTO over ALKBHS. Our work sheds
light on the development of new chemical probes for stud-
ies on the roles of human m®A demethylases in epigenetic



processes and presents possibilities for therapeutic leads for
target validation in drug discovery.

ACCESSION NUMBERS

Atomic coordinates and structure factors have been de-
posited in the Protein Data Bank (PDB; www.pdb.org) un-
der accession ID code 4QKN for the structure of FTO/MA.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGMENTS

We thank all beamline staff for data collection support at
the BL17U of the Shanghai Synchrotron Radiation Facility,
S.F. Reichard for editing the manuscript, and Dr. Y. Yang
for providing reagents.

FUNDING

National Natural Science Foundation of China [91313303,
21372237, 21372022, 21210003]; National Basic Research
Program [2015CB910603]; Hi-Tech Research and Devel-
opment Program of China [2012AA020302]. Funding for
open access charge: National Natural Science Foundation
of China [91313303].

Conflict of interest statement. None declared.

REFERENCES

1. Desrosiers,R., Friderici,K. and Rottman,F. (1974) Identification of
methylated nucleosides in messenger RNA from Novikoff hepatoma
cells. Proc. Natl Acad. Sci. U.S.A., 71, 3971-3975.

2. Wei,C.M., Gershowitz,A. and Moss,B. (1975) Methylated nucleotides
block 5 terminus of HeLa cell messenger RNA. Cell, 4, 379-386.

3. Jia,G,, Fu,Y., Zhao,X., Dai,Q., Zheng,G., Yang,Y., Yi,C., Lindahl,T.,
Pan,T., Yang,Y.G. et al. (2011) N6-methyladenosine in nuclear RNA
is a major substrate of the obesity-associated FTO. Nat. Chem. Biol.,
7, 885-887.

4. Ping,X.L., Sun,B.F., Wang.L., Xiao,W., Yang,X., Wang,W.J.,
Adhikari,S., Shi,Y., Lv,Y., Chen,Y.S. et al. (2014) Mammalian WTAP
is a regulatory subunit of the RNA N6-methyladenosine
methyltransferase. Cell Res., 24, 177-189.

5. Liw,J., Yue,Y., Han,D., Wang,X., Fu,Y., Zhang,L., Jia,G., Yu,M.,
Lu,Z., Deng,X. et al. (2014) A METTL3-METTL14 complex
mediates mammalian nuclear RNA N6-adenosine methylation. Nat.
Chem. Biol., 10, 93-95.

6. Dominissini,D., Moshitch-Moshkovitz,S., Schwartz,S.,
Salmon-Divon,M., Ungar,L., Osenberg,S., Cesarkas,K.,
Jacob-Hirsch,J., Amariglio,N., Kupiec,M. et al. (2012) Topology of
the human and mouse m6A RNA methylomes revealed by m6A-seq.
Nature, 485, 201-206.

7. Meyer,K.D., Saletore,Y., Zumbo,P., Elemento,O., Mason,C.E. and
Jaffrey,S.R. (2012) Comprehensive analysis of mRNA methylation
reveals enrichment in 3’ UTRs and near stop codons. Cell, 149,
1635-1646.

8. Wang,X., Lu,Z., Gomez,A., Hon,G.C., Yue,Y., Han,D., Fu,Y.,
Parisien,M., Dai,Q., Jia,G. et al. (2014)
N6-methyladenosine-dependent regulation of messenger RNA
stability. Nature, 505, 117-120.

9. Schwartz,S., Agarwala,S.D., Mumbach,M.R., Jovanovic,M.,
Mertins,P., Shishkin,A., Tabach,Y., Mikkelsen,T.S., Satija,R.,
Ruvkun,G. et al. (2013) High-resolution mapping reveals a
conserved, widespread, dynamic mRNA methylation program in
yeast meiosis. Cell, 155, 1409-1421.

10.

11.

12.

13.

14.

15.

16.

17.

18

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Nucleic Acids Research, 2015, Vol. 43, No. 1 383

Jia,G., Fu,Y. and He,C. (2013) Reversible RNA adenosine
methylation in biological regulation. Trends Genet., 29, 108-115.
Niw, Y., Zhao,X., Wu,Y.S., Li,M.M., Wang,X.J. and Yang,Y.G. (2013)
N6-methyl-adenosine (m6A) in RNA: an old modification with a
novel epigenetic function. Genomics Proteomics Bioinformatics, 11,
8-17.

Gerken,T., Girard,C.A., Tung,Y.C., Webby,C.J., Saudek,V.,
Hewitson,K.S., Yeo,G.S., McDonough,M.A., Cunliffe,S.,
McNeill,L.A. et al. (2007) The obesity-associated FTO gene encodes
a 2-oxoglutarate-dependent nucleic acid demethylase. Science, 318,
1469-1472.

Zhao,X., Yang,Y., Sun,B.F,, Zhao,Y.L. and Yang,Y.G. (2014) FTO
and obesity: mechanisms of association. Curr. Diab. Rep., 14, 486.
Jia,G., Yang,C.G., Yang,S., Jian,X., Yi,C., Zhou,Z. and He,C. (2008)
Oxidative demethylation of 3-methylthymine and 3-methyluracil in
single-stranded DNA and RNA by mouse and human FTO. FEBS
Lett., 582, 3313-3319.

Sedgwick,B. (2004) Repairing DNA-methylation damage. Nat. Rev.
Mol. Cell Biol., 5, 148-157.

Drablos,F., Feyzi,E., Aas,P.A., Vaagbo,C.B., Kavli,B., Bratlie,M.S.,
Pena-Diaz,J., Otterlei,M., Slupphaug,G. and Krokan,H.E. (2004)
Alkylation damage in DNA and RNA-repair mechanisms and
medical significance. DNA Repair, 3, 1389-1407.

Mishina, Y., Duguid,E.M. and He,C. (2006) Direct reversal of DNA
alkylation damage. Chem. Rev., 106, 215-232.

. Falnes,P.O., Klungland,A. and Alseth,I. (2007) Repair of methyl

lesions in DNA and RNA by oxidative demethylation. Neuroscience,
145, 1222-1232.

Li,D., Delaney,J.C., Page,C.M., Yang,X., Chen,A.S., Wong,C.,
Drennan,C.L. and Essigmann,J.M. (2012) Exocyclic carbons adjacent
to the N6 of adenine are targets for oxidation by the Escherichia coli
adaptive response protein AlkB. J Am. Chem. Soc., 134, 8896-8901.
Frayling, .M., Timpson,N.J., Weedon,M.N., Zeggini,E.,
Freathy,R.M., Lindgren,C.M., Perry,J.R., Elliott,K.S., Lango,H.,
Rayner,N.W. et al. (2007) A common variant in the FTO gene is
associated with body mass index and predisposes to childhood and
adult obesity. Science, 316, 889-894.

Fischer,J., Koch,L., Emmerling,C., Vierkotten,J., Peters,T.,
Bruning,J.C. and Ruther,U. (2009) Inactivation of the Fto gene
protects from obesity. Nature, 458, 894-898.

Pausova,Z., Syme,C., Abrahamowicz,M., Xiao,Y., Leonard, G. T,
Perron,M., Richer,L., Veillette,S., Smith,G.D., Seda,O. et al. (2009) A
common variant of the FTO gene is associated with not only
increased adiposity but also elevated blood pressure in French
Canadians. Circ. Cardiovasc. Genet., 2, 260-269.

Wehr,E., Schweighofer,N., Moller,R., Giuliani,A., Pieber,T.R. and
Obermayer-Pietsch,B. (2010) Association of FTO gene with
hyperandrogenemia and metabolic parameters in women with
polycystic ovary syndrome. Metabolism, 59, 575-580.

Keller,L., Xu,W., Wang,H.X., Winblad,B., Fratiglioni,L. and
Graff,C. (2011) The obesity related gene, FTO, interacts with APOE,
and is associated with Alzheimer’s disease risk: a prospective cohort
study. J. Alzheimers Dis., 23, 461-469.

Kaklamani, V., Yi,N., Sadim,M., Siziopikou,K., Zhang K., Xu,Y.,
Tofilon,S., Agarwal,S., Pasche,B. and Mantzoros,C. (2011) The role
of the fat mass and obesity associated gene (FTO) in breast cancer
risk. BMC Med. Genet., 12, 52.

Shen,F., Huang,W., Huang,J. T., Xiong,J., Yang,Y., Wu,K., Jia,G.F,,
Chen,J., Feng,Y.Q., Yuan,B.F. ef al. (2014) Decreased
N(6)-methyladenosine in peripheral blood RNA from Diabetic
Patients Is Associated with FTO Expression Rather than ALKBHS.
J. Clin. Endocrinol. Metab., doi:jc20141893.

Zheng,G., Dahl,J.A., Niu,Y., Fedorcsak,P., Huang,C.M., Li,C.J.,
Vagbo,C.B., Shi,Y., Wang,W.L., Song,S.H. et al. (2013) ALKBHS is a
mammalian RNA demethylase that impacts RNA metabolism and
mouse fertility. Mol. Cell, 49, 18-29.

He,C. (2010) Grand challenge commentary: RNA epigenetics? Nat.
Chem. Biol., 6, 863-865.

Liu,N. and Pan,T. (2014) RNA epigenetics. Transl. Res.,
doi:10.1016/j.trs1.2014.04.003.

Falnes,P.O., Johansen,R.F. and Seeberg,E. (2002) AlkB-mediated
oxidative demethylation reverses DNA damage in Escherichia coli.
Nature, 419, 178-182.


http://www.pdb.org
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku1276/-/DC1

384 Nucleic Acids Research, 2015, Vol. 43, No. 1

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Trewick,S.C., Henshaw, T.F., Hausinger,R.P,, Lindahl,T. and
Sedgwick,B. (2002) Oxidative demethylation by Escherichia coli AlkB
directly reverts DNA base damage. Nature, 419, 174-178.

Zhu,C. and Yi,C. (2014) Switching demethylation activities between
AlkB family RNA/DNA demethylases through exchange of
active-site residues. Angew. Chem. Int. Ed. Engl., 53, 3659-3662.
Ougland,R., Zhang,C.M., Liiv,A., Johansen,R.F., Seeberg,E.,
Hou,Y.M., Remme,J. and Falnes,P.O. (2004) AlkB restores the
biological function of mRNA and tRNA inactivated by chemical
methylation. Mol. Cell, 16, 107-116.

Fu,Y., Dai,Q., Zhang,W., Ren,J., Pan,T. and He,C. (2010) The AlkB
domain of mammalian ABHS catalyzes hydroxylation of
S-methoxycarbonylmethyluridine at the wobble position of tRNA.
Angew. Chem. Int. Ed. Engl., 49, 8885-8888.

Aas,P.A., Otterlei,M., Falnes,P.O., Vagbo,C.B., Skorpen,F.,
Akbari,M., Sundheim,O., Bjoras,M., Slupphaug,G., Seeberg,E. et al.
(2003) Human and bacterial oxidative demethylases repair alkylation
damage in both RNA and DNA. Nature, 421, 859-863.

Ringvoll,J., Nordstrand,L.M., Vagbo,C.B., Talstad, V., Reite,K.,
Aas,PA., Lauritzen,K.H., Liabakk,N.B., Bjork,A., Doughty,R.W.
et al. (2006) Repair deficient mice reveal mABH2 as the primary
oxidative demethylase for repairing ImeA and 3meC lesions in DNA.
EMBO J., 25,2189-2198.

Kruidenier,L., Chung,C.W., Cheng,Z., Liddle,J., Che,K., Joberty,G.,
Bantscheff,M., Bountra,C., Bridges,A., Diallo,H. et al. (2012) A
selective jumonji H3K27 demethylase inhibitor modulates the
proinflammatory macrophage response. Nature, 488, 404-408.
Luo.X., Liu,Y., Kubicek,S., Myllyharju,J., Tumber,A., Ng,S.,
Che,K.H., Podoll,J., Heightman,T.D., Oppermann,U. et al. (2011) A
selective inhibitor and probe of the cellular functions of Jumonji C
domain-containing histone demethylases. J. Am. Chem. Soc., 133,
9451-9456.

Woon,E.C., Tumber,A., Kawamura,A., Hillringhaus,L., Ge,W.,
Rose,N.R., Ma,JH., Chan,M.C., Walport,L.J., Che.K.H. et al. (2012)
Linking of 2-oxoglutarate and substrate binding sites enables potent
and highly selective inhibition of JmjC histone demethylases. Angew.
Chem. Int. Ed. Engl., 51, 1631-1634.

Woon,E.C., Demetriades,M., Bagg,E.A., Aik,W., Krylova,S.M.,
Ma,J.H., Chan,M., Walport,L.J., Wegman,D.W., Dack,K.N. et al.
(2012) Dynamic combinatorial mass spectrometry leads to inhibitors
of a 2-oxoglutarate-dependent nucleic acid demethylase. J. Med.
Chem., 55, 2173-2184.

Zheng,G., Cox,T., Tribbey,L., Wang,G.Z., lacoban,P., Booher,M.E.,
Gabriel,G.J., Zhou,L., Bae,N., Rowles,J. et al. (2014) Synthesis of a
FTO inhibitor with anticonvulsant activity. ACS Chem. Neurosci., 5,
658-665.

Chen,B., Ye,F., Yu,L., Jia,G., Huang,X., Zhang,X., Peng,S.,
Chen,K., Wang,M., Gong,S. et al. (2012) Development of cell-active
N6-methyladenosine RNA demethylase FTO inhibitor. J. Am. Chem.
Soc., 134, 17963-17971.

Rose,N.R., McDonough,M.A., King,O.N., Kawamura,A. and
Schofield,C.J. (2011) Inhibition of 2-oxoglutarate dependent
oxygenases. Chem. Soc. Rev., 40, 4364-4397.

Aik,W., Demetriades,M., Hamdan,M.K., Bagg,E.A., Yeoh,K.K.,
Lejeune,C., Zhang,Z., McDonough,M.A. and Schofield,C.J. (2013)
Structural basis for inhibition of the fat mass and obesity associated
protein (FTO). J. Med. Chem., 56, 3680-3688.

Toh,Joel D.W,, Sun,L., Lau,Lisa Z. M., Tan,Jackie, Low,Joanne J. A.,
Tang,Colin W. Q., Cheong,Eleanor J. Y., Tan,Melissa J. H.,
Chen,Yun, Hong,Wanjin ef al. (2014) A strategy based on nucleotide
specificity leads to a subfamily-selective and cell-active inhibitor of
N6-methyladenosine demethylase FTO. Chem. Sci.,
doi:10.1039/C4SC02554G.

Aik,W.,, Scotti,J.S., Choi,H., Gong,L., Demetriades,M., Schofield,C.J.
and McDonough,M.A. (2014) Structure of human RNA
N6-methyladenine demethylase ALKBHS provides insights into its
mechanisms of nucleic acid recognition and demethylation. Nucleic
Acids Res., 42, 4741-4754.

Niesen,F.H., Berglund,H. and Vedadi,M. (2007) The use of
differential scanning fluorimetry to detect ligand interactions that
promote protein stability. Nat. Protoc., 2, 2212-2221.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Otwinowski,Z. and Minor,W. (1997) Methods in Enzymology. In:
Macromolecular Crystallography, Patr A , Vol. 276, pp. 307-326.
Collaborative Computational Project, Number 4. (1994) The CCP4
suite: programs for protein crystallography. Acta Crystallogr. D Biol.
Crystallogr., 50, 760-763.

Read,R.J. (2001) Pushing the boundaries of molecular replacement
with maximum likelihood. Acta Crystallogr. D Biol. Crystallogr., 57,
1373-1382.

Emsley,P. and Cowtan,K. (2004) Coot: model-building tools for
molecular graphics. Acta Crystallogr. D Biol. Crystallogr., 60,
2126-2132.

Murshudov,G.N., Vagin,A.A. and Dodson,E.J. (1997) Refinement of
macromolecular structures by the maximum-likelihood method. Acta
Crystallogr. D Biol. Crystallogr., 53, 240-255.

Chen,B., Liu,H., Sun,X. and Yang,C.G. (2010) Mechanistic insight
into the recognition of single-stranded and double-stranded DNA
substrates by ABH2 and ABH3. Mol. Biosyst., 6,2143-2149.
Vedadi,M., Niesen,F.H., Allali-Hassani,A., Fedorov,O.Y., Finerty,P.J.
Jr, Wasney,G.A., Yeung,R., Arrowsmith,C., Ball,L.J., Berglund,H.
et al. (2006) Chemical screening methods to identify ligands that
promote protein stability, protein crystallization, and structure
determination. Proc. Natl Acad. Sci. U.S. A., 103, 15835-15840.
Niesen,F.H., Berglund,H. and Vedadi,M. (2007) The use of
differential scanning fluorimetry to detect ligand interactions that
promote protein stability. Nat. Protoc., 2,2212-2221.
Kovala-Demertzi,D., Staninska,M., Garcia-Santos,I., Castineiras,A.
and Demertzis,M.A. (2011) Synthesis, crystal structures and
spectroscopy of meclofenamic acid and its metal complexes with
manganese(II), copper(I1), zinc(II) and cadmium(11).
Antiproliferative and superoxide dismutase activity. J. Inorg.
Biochem., 105, 1187-1195.

Yu,B., Edstrom,W.C., Benach,J., Hamuro,Y., Weber,P.C.,
Gibney,B.R. and Hunt,J.F. (2006) Crystal structures of catalytic
complexes of the oxidative DNA/RNA repair enzyme AlkB. Nature,
439, 879-884.

Sundheim,O., Vagbo,C.B., Bjoras,M., Sousa,M.M., Talstad,V.,
Aas,PA., Drablos,F., Krokan,H.E., Tainer,J.A. and Slupphaug,G.
(2006) Human ABH3 structure and key residues for oxidative
demethylation to reverse DNA/RNA damage. EMBO J., 25,
3389-3397.

Yang,C.G., Yi,C., Duguid,E.M., Sullivan,C.T., Jian,X., Rice,PA. and
He,C. (2008) Crystal structures of DNA/RNA repair enzymes AlkB
and ABH2 bound to dsDNA.. Nature, 452, 961-965.

Han,Z., Niu,T., Chang.J., Lei,X., Zhao,M., Wang,Q., Cheng,W.,
Wang,J., Feng,Y. and Chai,J. (2010) Crystal structure of the FTO
protein reveals basis for its substrate specificity. Nature, 464,
1205-1209.

Yi,C., Chen,B., Qi,B., Zhang,W,, Jia,G., Zhang,L., Li,C.J.,
Dinner,A.R., Yang,C.G. and He,C. (2012) Duplex interrogation by a
direct DNA repair protein in search of base damage. Nat. Struct.
Mol. Biol., 19, 671-676.

Chen,B., Gan,J.H. and Yang,C.G. (2014) The complex structures of
ALKBH2 mutants cross-linked to dsDNA reveal the conformational
swing of B-hairpin. Sci. China Chem., 57, 307-313.

Xu,C., Liu,K., Tempel, W., Demetriades,M., Aik,W., Schofield,C.J.
and Min,J. (2014) Structures of human ALKBHS5 demethylase reveal
a unique binding mode for specific single stranded m6A RNA
demethylation. J. Biol. Chem., 289, 17299-17311.

Feng,C., Liu,Y., Wang,G., Deng.,Z., Zhang,Q., Wu,W., Tong.Y.,
Cheng,C. and Chen,Z. (2014) Crystal structures of the human RNA
demethylase alkbh5 reveal basis for substrate recognition. J. Biol.
Chem., 289, 11571-11583.

Chen,W., Zhang,L., Zheng,G., Fu.Y., Ji,Q., Liu,F., Chen,H. and
He,C. (2014) Crystal structure of the RNA demethylase ALKBHS
from zebrafish. FEBS Lett., 588, 892-898.

Shen,L., Song,C.X., He,C. and Zhang,Y. (2014) Mechanism and
function of oxidative reversal of DNA and RNA methylation. Annu.
Rev. Biochem., 83, 585-614.

Bartzatt,R. (2012) Anti-inflammatory drugs and prediction of new
structures by comparative analysis. Antiinflamm Antiallergy Agents
Med. Chem., 11, 151-160.



