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ymes involved in the epigenetic regulation of the genome represent promising starting points for ther-
c intervention by small molecules, and DNA methyltransferases (DNMT) are emerging targets for the
pment of a new class of cancer therapeutics. In this work, we present nanaomycin A, initially identified
irtual screening for inhibitors against DNMT1, as a compound inducing antiproliferative effects in three
nt tumor cell lines originating from different tissues. Nanaomycin A treatment reduced the global
lation levels in all three cell lines and reactivated transcription of the RASSF1A tumor suppressor gene.
chemical assays, nanaomycin A revealed selectivity toward DNMT3B. To the best of our knowledge,
the first DNMT3B-selective inhibitor identified to induce genomic demethylation. Our study thus es-
this is

tablishes the possibility of selectively inhibiting individual DNMT enzymes. Mol Cancer Ther; 9(11); 3015–23.
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genetic information of a human cell is packaged
hromatin, which has an important biological
ion by controlling the accessibility of the DNA
cellular transcription and replication machinery.
fore, chromatin is labeled with different marks on
stones and on the DNA itself (1, 2). These marks
sent the epigenetic code resulting from modifica-
nd regulation systems. The best-characterized
on DNA consists of a single methyl group at
5 position of cytidine nucleotides, which occurs
always in a CpG sequence context in differenti-
ells.
human genome encodes three active DNA methyl-
erases: DNMT1, DNMT3A, and DNMT3B. DNMT1
NMT3B are indispensable for embryonic develop-
in mice, whereas DNMT3A knockout mice die
y after birth (3). DNMT1 is required for the mainte-
of DNA methylation patterns during replication in
l and cancer cells and is essential for their prolif-
rvival (4). DNMT3A and DNMT3B are
transferases involved in embryonic devel-
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nt and in the establishment of genomic imprints
6). The analysis of DNA methylation patterns in
al and tumor cells has revealed that many, if not
man tumors exhibit an altered methylation signa-
This aberrant methylation pattern is often charac-
d by hypermethylation and inactivation of tumor
essor genes such as p16 or RASSF1 (7), which can
quently drive tumor formation. However, in con-
o classic genetic mutations, these so-called epimu-
s are reversible by the inhibition of DNMTs (8).
eversibility encouraged the development of phar-
logic inhibitors of DNA methylation.
eral approaches have been pursued to inhibit
T activity, including small interfering RNA–
ted depletion of DNMTs (9) or the use of suicide nu-
de substrates such as azacytidine and decitabine for
nt enzyme trapping (10). Both drugswere approved
Food and Drug Administration for the treatment of
dysplastic syndrome in 2004 and 2006, respectively,
epresent the first DNMT inhibitors in clinical use.
f the most recent approaches is the rational develop-
of small-molecule nonnucleoside inhibitors such as
8 (11–13). The family of nonnucleoside candidate
T inhibitors is steadily growing and comprises
e variety of different chemical scaffolds [e.g., poly-
lic compounds such as epigallocatechin-3-gallate
) or compounds with acidic functions such as caffeic
6) ormethylenedisalicylic acid (17)]. In addition, ap-
d drugs for other indications such as hydralazine
), procaine (20, 21), procainamide (22), or antibiotics
as mithramycin A (23) have also been reported to
t DNA methylation. Additional DNMT inhibitors
viewed elsewhere (10, 24, 25).

tibiotics usually target cell wall synthesis, protein
ation, or the DNA replication machinery in bacteria.
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ver, antibiotics of the anthracycline group, such as
mycin, doxorubicin, or mitomycin, are also known
e powerful antitumor activity. Many related chem-
ructures from the anthracycline group have been
oped as anticancer drugs (26, 27). Nanaomycin A
elongs to this class of quinone antibiotics isolated
a culture of Streptomyces (28). The nanaomycin A
of action is dependent on its reduction by the res-
ry chain-linked NADH or flavin dehydrogenase of
rganism. The reduced form of nanaomycin A is
ly autooxidized by molecular oxygen producing
t molecular oxygen (O2

−). The ability to produce
related to the antimicrobial activity of nanaomycin
, 30). The chemical structure of nanaomycin A is
ted in Fig. 1A.
his study, we characterized the epigenetic effects of
mycin A, which we had identified by an in silico
ning approach aiming for novel inhibitors of
T1 (17). Nanaomycin A showed no activity against
T1, despite sharing structural similarities to other
compounds, such as methylenedisalicylic acid de-
es, yet we did observe a potent antiproliferative ef-
different tumor cell lines. When we analyzed the
ic methylation levels in different tumor cell lines,

und a distinct nanaomycin A–dependent reduction,
ll as transcriptional reactivation and expression of
ASSF1A tumor suppressor gene. To identify the
r target of nanaomycin A, we applied a biochemi-
vitro methylation assay using human DNMT1 or
T3B and detected a selective inhibition of
T3B. To better rationalize the biochemical activity
molecular level, we conducted molecular docking
s of nanaomycin A with a homology model of
T3B. The docking model suggests that nanaomycin
bind in the catalytic site of the enzyme. Currently,
s the first report of a DNMT3B-selective small-
ule inhibitor with cellular activity, highlighting
asibility of discovering compounds that selectively
t individual DNMT enzymes.

rials and Methods

ounds
aomycin A (NSC267461) was obtained from the
nal Cancer Institute (NCI)/Developmental Thera-
cs Program Open Chemical Repository (http://
ncer.gov), dissolved in DMSO to 50 mmol/L, and
at −80°C. Chemical structure of nanaomycin A is

n in Fig. 1A. 5-Azacytidine, RG108, and procaina-
were purchased by Sigma-Aldrich. 5-Azacytidine
rocainamide were dissolved in water; RG108 was
ved in DMSO.

ulture
9, HL60, and HCT116 cells were obtained directly
the American Type Culture Collection and pas-

in our laboratory for <6 months after resuscitation.
, HCT116, and HeLa were cultured in DMEM/

trans
turer'

ancer Ther; 9(11) November 2010
s F12 (Biochrom) supplemented with 10% FCS
rogen). HL60 cells were cultured in RPMI 1640
ementedwith 5% L-glutamine and 10%FCS (Invitro-
t 37°C and 5% CO2. Determination of cell viability
one by counting the viable cells after trypan blue
ng. Therefore, cells were seeded in triplicates in six-
lates at a density of 250,000 perwell. Cells were trea-
ith increasing doses of nanaomycin A for 72 hours.
se-3/7 activationwasmeasured by the Caspase-Glo
ssay from Promega according to the manufacturer's
col. Cells were seeded in 96-well plates in triplicates
ensity of 10,000 per well and incubated for 72 hours.
s were measured by a Tecan Infinite 200 micro-
reader.

methylation analysis
omic DNA was purified using the DNeasy Blood
issue kit (Qiagen). Global methylation levels were
ined by capillary electrophoresis as described pre-

ly (31). Briefly, 5 μg of genomic DNAwere enzymat-
hydrolyzed to single nucleotides, and the

otides were derivatized with the fluorescent marker
PY (Molecular Probes). Derivatized nucleotides
separated by capillary electrophoresis and analyzed
eckman P/ACE MDQ Molecular Characterization
. Statistical significance was calculated by the Stu-
t test.

ylation analysis of the RASSF1A
oter region
gene-specific methylation analysis, genomic DNA
eaminated using the EpiTect Bisulfite kit (Qiagen).
54 sequencing, bisulfite-treated genomic DNA was
ified using sequence-specific primers containing
ent-specific barcodes and 454 linker sequences:
, GCCTCCCTCGCGCCATCAGTCAGGA-
GGGGATTTTTTTTTTTTA (For_RASSF1A_1) and
TGCCAGCCCGCTCAGTCAGGACAACAACT-
TAAACTCAAAC (Rev_RASSF1A_1); Pair2,
TCCCTCGCGCCATCAGTCAGCACAGTGGG-
TTTTTTTTTTTA (Fo r _RASSF1A_2 ) a nd
TGCCAGCCCGCTCAGTCAGCACAACAACT-
AAACTCAAAC (Rev_RASSF1A_2).
conditions were as follows: initial denaturation at

for 2 minutes, 35 cycles at 95°C for 30 seconds,
ling at 40°C for 30 seconds, elongation at 74°C for
onds, and a final elongation step at 74°C for 2 min-
54 deep sequencingwasdone by theGermanCancer
rch Center Genomics and Proteomics Core Facility.

isolation and quantitative real-time PCR
A was extracted using the RNeasy RNA Isolation
iagen), and on-column DNA digestion was done
the RNase-Free DNase Set (Qiagen). For quantita-
everse transcription-PCR (RT-PCR), 1 μg of RNA
everse transcribed using SuperScript III reverse

criptase (Invitrogen) according to the manufac-
s protocol. Each cDNA sample was analyzed in

Molecular Cancer Therapeutics



triplic
(Qiag
Quan
tion o
served
Cycle

West
Ant

manu
DNM
Santa
(clone

Cloni
DN

fore (

fied a
expre
raphy
fiedD
by us
gels a
conce

Bioch
DN

action
methy
purch
GATG
for h

Figure
nanaom
HCT11
was de
viable c
staining
increas
A rangi
10 μmo
Numbe
milliliter
nanaom
nmol/L
wells; b
analyze
10.0. C
caspas
HL60 c
Caspas
incubat
IC50 co
express
obtaine
cells. T
A show
caspases under these conditions.

Nanaomycin A Inhibits DNMT3B and Reactivates Genes

www.a
ate using the QuantiFast SYBR Green PCR kit
en) according to the manufacturer's instructions.
tiTect Primer Assays (Qiagen) were used for detec-
f RASSF1A, DNMT1, and DNMT3B. GAPDH
as internal standard. RT-PCR was done by Light-

r 480 from Roche.

ern blot analysis
ibodies for detection were used according to the
facturer's protocol. The antibodies against β-actin,
T1, DNMT3B, and RASSF1A were purchased by
Cruz Biotechnology or by Millipore for γH2AX
JBW301).

ng and purification of recombinant DNMTs

MT1 was produced and purified as described be-
21). DNMT3B (isoform 2) was produced and puri-

strate
GATT

acrjournals.org
s described elsewhere (17). Briefly, proteins were
ssed in insect cells and purified by affinity chromatog-
and gel filtration. The protein concentration of puri-
NMTwas determined byBradford assay and verified
ing Coomassie blue–stained SDS-polyacrylamide
nd suitable molecular mass markers of known
ntration.

emical DNMT assay
A methylation assays were carried out in total re-
volume of 25 μL containing 0.4 μmol/L hemi-
lated or unmethylated oligonucleotide substrate
ased from MWG (upper strand: 5′-GATCGCX-
CGXGAATXGCGATXGATGCGAT-3′, X = 5mC

emimethylated or X = C for unmethylated sub-
1. A, chemical structure of
ycin A. B, cell viability of
6, A549, and HL60 cell lines
termined by counting
ells after trypan blue
. Cells were treated with
ing doses of nanaomycin
ng from 10 nmol/L to
l/L for 72 h before analysis.
r of viable cells per
was plotted against
ycin A concentrations in

. Points, mean of three
ars, SD. The data were
d by SigmaPlot version
, activity of caspase-3 and
e-7 in HCT116, A549, and
ells was measured by
e-Glo 3/7 after 72 h of
ion with the calculated
ncentrations. Results are
ed relative to those
d in the untreated control
reatment with nanaomycin
ed no induction of
, and lower strand: 5′-ATCGCATCGATCGC-
CGCGCATCGGCGATC-3′), purified DNMT in

Mol Cancer Ther; 9(11) November 2010 3017
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on buffer [100 mmol/L KCl, 10 mmol/L Tris-Cl
.5), 1 mmol/L EDTA], and bovine serum albumin
/mL). All reactions were carried out at 37°C
e presence of 0.7 μmol/L [methyl-3H]AdoMet
Bq/mmol; Perkin-Elmer). After 3 hours, the reac-
as stopped by adding 10 μL of 20% SDS and

ng of the whole volume onto DE81 cellulose pa-
ilters were baked at 80°C for 2 hours and washed
times with cold 0.2 mol/L NH4HCO3, three times
distillated water, and once with 100% ethanol.
drying, filters were transferred into Mini-Poly Q
om Perkin-Elmer, and 5 mL of Ultima Gold LSC
ail were added per vial. Analysis was done in
tillation counter, and each measurement was re-
once.

cular docking
structure of nanaomycin A was prepared with

rogram Molecular Operating Environment (MOE;
n 2008.10; Chemical Computing Group, Inc.).
ng studies were conducted with Glide (version
chrödinger, LLC), and visualizations were carried
ith Maestro (version 9.0; Schrödinger, LLC).
ng was done using previously generated homolo-
odels of DNMT3B (17) and DNMT1 (32). The
g grids were centered on the binding mode pre-
for 2′-deoxycytidine as we reported previously

We used the bounding box size 14Å × 6Å ×
which covers the catalytic pocket and part of
factor binding site. We used flexible docking with
xtra precision mode in Glide and default para-
s. To explore the putative interactions of nanao-
A with the binding site, the top-ranked binding
found by Glide in complex with the binding

t of the enzyme was subjected to full-energy min-
tion using the MMFF94x force field implemented
E until a gradient of 0.001 was reached. The de-
parameters implemented into the LigX application
E were used.

analy
and a

ancer Ther; 9(11) November 2010
lts

n earlier study, we conducted a virtual screening of
lic compound library from the NCI using a multi-
ocking approach with a previously validated ho-
gy model of the catalytic domain of human
T1 (17). Docking was completed using three differ-
ograms. From this, nanaomycin A (Fig. 1A, chem-
tructure) was ranked among the top 10% of all
ed compounds from two of the docking programs.
ver, this quinonic compound did not show any de-
le DNMT1 inhibition. When we treated three differ-
man tumor cell lines [HCT116 (colon), A549 (lung),
L60 (bone marrow)] with increasing concentrations
aomycin A (ranging from 10 nmol/L to 10 μmol/L)
hours, we observed in all three cell lines a distinct
xic effect (Fig. 1B). We determined the cellular via-
by counting viable cells after trypan blue staining
easured IC50 values of 400 nmol/L for HCT116,
mol/L for A549, and 800 nmol/L for HL60. These
uggest a broad antiproliferative activity, which does
em to be restricted to specific cell types.
balance between cell proliferation and cell death is
ted by apoptotic and necrotic pathways. To eluci-
he cellular mechanism of nanaomycin A–dependent
ath, wemeasured caspase-3 and caspase-7 activities
aomycin A–treated cells. Therefore, cells were incu-
for 72 hours with the IC50 concentrations. However,
we compared untreated control cells with cells
d with the calculated IC50 concentrations, we did
tect activation of caspase-3 and caspase-7 (Fig. 1C).
we conclude that caspase activation does not play
or role in the measured cell death.
dies from various cancers have shown that down-
tion of genes by DNA methylation as well as main-
ce of silencing are important mechanisms through
tumor cells can survive (7). Thus, we decided to
ze a possible interruption of these mechanisms
ssessed the ability of nanaomycin A to decrease

ure
thyla
0, a
tro
72 h
cen
tatis
pa
tisti
den
thre
ethylation compared with control cells.
Fig
me
HL6
elec
for
con
a s
com
Sta
Stu
all
dem
M

2. Relative genomic cytosine
tion levels in percentage of HCT116,
nd A549 were determined by capillary
phoretic analysis. Cells were incubated
with the indicated nanaomycin A

tration. Bars, SD. Asterisks denote
tically significant (P < 0.001) difference
red with the untreated control cells.
cal significance was calculated by the
t's t test. Nanaomycin A induced in
e cell lines a significant genomic
olecular Cancer Therapeutics
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enomic methylation level of HCT116, HL60, and
cells by capillary electrophoresis (Fig. 2; ref. 31).
cubated cells for 72 hours with 500 nmol/L for
16, 1,000 nmol/L for HL60, and 5,000 nmol/L for
and isolated genomic DNA. Genomic methylation
were found to be most significantly (P < 0.001) re-
in HCT116 at 500 nmol/L (from 3.8% to 2.2%), in
at 1,000 nmol/L (from 3.4% to 2.6%), and in A549

00 nmol/L (from 2.7% to 1.1%). Although we used
ound concentrations in the range of the calculated

methy
of tum

acrjournals.org
value, we measured genomic demethylation
ith lower nanaomycin A concentrations (e.g., at

mol/L for HL60 or at 3,000 nmol/L for A549; data
own). This argues against the hypothesis that the
ved demethylation might be a toxic side effect of
eatment. From this, we assumed that nanaomycin
the same cellular target in all three cell lines.

e of the primary biological outcomes of DNA
3. A, 454 bisulfite sequencing of the
1A promoter region in untreated
naomycin A–treated A549 cells. Cells
cubated for 72 h with nanaomycin A
mol/L), genomic DNA was isolated and
treated, and the RASSF1A locus was
d by PCR before sequencing. Illustrated
relative demethylation levels in
age of treated cells to untreated cells
pG sites within the RASSF1 promoter.
ycin A treatment resulted in
ylation that was restricted to a few CpG
, quantitative RT-PCR analysis of
1A transcription normalized to GAPDH
cells after treatment with 5-azacytidine
5 μmol/L), RG108 (300 μmol/L),
amide (1 mmol/L), and nanaomycin
0 nmol/L) for 72 h. Points, mean of
ells; bars, SD. Nanaomycin A and
tidine were able to reactivate RASSF1A
iption after treatment. C, Western blot of
ells treated with nanaomycin A
d 5,000 nmol/L) for 72 h. Whole-cell
were assayed for expression of
1A protein (top) and β-actin (bottom).
crograms of total protein were loaded for
ells as positive control, and 250 μg for
amples. Nanaomycin A treatment
d induction of RASSF1A protein
lation in cancer cells is transcriptional repression
or suppressor genes, thus promoting uncontrolled

Mol Cancer Ther; 9(11) November 2010 3019
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eration (7). For this reason, we investigated the
oter methylation of the epigenetically silenced
F1A tumor suppressor gene in untreated and na-
ycin A–treated (5,000 nmol/L) A549 cells. We used
isulfite sequencing of the RASSF1A promoter re-
with coverage rates between 450 and 600 reads
pG (Fig. 3A). Sequencing confirmed that the
F1A promoter was heavily methylated in A549
Nanaomycin A treatment resulted in demethyla-
hat was restricted to a few CpGs, which is in line
the results obtained after DNMT3B knockdown in
cells (33).
next assessed RASSF1A transcript levels relative to
H transcript levels by quantitative RT-PCR after
ent with several concentrations of nanaomycin A.
ed 5-azacytidine (25 μmol/L), RG108 (300 μmol/L),
rocainamide (1 mmol/L) as reference compounds
B). We observed a ∼6-fold relative induction after
ytidine treatment and an 18-fold relative induction
reatmentwith nanaomycinA (5,000 nmol/L). Lower
ntrations of nanaomycin A yielded lower relative
F1A induction (e.g., 3,000 nmol/L induced 2-fold
tion; data not shown). Procainamide or RG108
ents achieved no reactivation.
allel assessment of RASSF1A protein expression by
rn blotting revealed an initiation of RASSF1A pro-
xpression in A549 cells (Fig. 3C). HeLa extracts
used as positive control for RASSF1A protein ex-
on. In conclusion, we provide evidence for genomic
cus-specific demethylation caused by nanaomycin
t is apparently sufficient to reactivate transcription
xpression of a silenced tumor suppressor gene.
ause the known antimicrobial mode of action of na-
ycin A involves free radical generation, we hypoth-

d that nanaomycin A might directly degrade
T1 or DNMT3B in compound-treated cells. To ex-

Prime
DNM

ancer Ther; 9(11) November 2010
entally test this hypothesis, we did Western blotting
uantitative RT-PCR of untreated and nanaomycin A
nmol/L)–treated A549 cells and failed to detect any
nce for DNMT protein degradation (Fig. 4A) or
regulated DNMT transcription levels (Fig. 4B). We
ested whether DNA might be damaged by nanao-
A treatment. However, A549 cells treated with
mycin A did not show increased levels of the
damage marker γH2AX by Western blot analysis
A). These experiments strongly suggest that nanao-
A does not directly degrade DNMT1 or DNMT3B
pound-treated cells.

er analyzing indirect inhibition of DNMTs, we in-
ated the possibility of direct inhibition of DNMTs
anaomycin A. We focused on DNMT1 and
T3B, the two most important isoforms in tumori-
is, using a biochemical in vitro methylation assay
sting of recombinant methyltransferases. Human
yltransferases DNMT1 and DNMT3B were pro-
via baculovirus-mediated expression in SF9 insect

and purified by affinity chromatography and gel
ion (21). Strikingly, we found a pronounced selec-
of nanaomycin A toward DNMT3B in the tested
ound range with an IC50 value of 500 nmol/L
A). Under these conditions, the enzymatic activity
MT1 was not affected by nanaomycin A. To our

ledge, this is the first report of a non-SAH (S-adenosyl-
ocysteine) analogue acting as a DNMT3B-selective
tor (34, 35).
explore the putative binding mode of nanaomycin
h DNMT3B, we applied molecular docking of the
tor with a homology model of the catalytic site of
T3B (17). To build our computational model, the
logy model of DNMT3B was constructed with
Fig
cell
nan
Det
DN
con
blo
cau
B, q
or D
A54
A (5
as
wel
cha
or D
(Schrödinger, LLC
T3A (PDB code 2QR

M

4. A, Western blot analysis of A549
treated (control) and treated with
ycin A (5,000 nmol/L) for 72 h.
on was carried out for DNMT1,
B, γH2AX, and β-actin as loading
. Displayed are representative Western
reatment of cells with nanaomycin A
no significant changes on protein levels.
titative RT-PCR analysis of DNMT3B
T1 expression normalized to GAPDH in
ells after treatment with nanaomycin
nmol/L) and5-azacytidine (Aza; 10μmol/L)
ence compound. Points, mean of three
ars, SD. Nanaomycin A induced no
s in transcript levels of DNMT3B
) using the crystal structure of
V) as a template (36). The final

olecular Cancer Therapeutics



homo
devia
are pu
mized
Accor
bindin
alytic
Arg83

of form
Notab
and a
an ex
chain
group
chain
hydro
argini
with a
alytic
sible s
the dr

Discu

The
deme
steadi
alytic
are no
enzym
vealed
nucleo
proca
and r
gene

transc
treatm
lation
methy
Howe
mide
DNA
specif
Ou

DNM
says
DNM
ies of
alytic
hydr
Arg73

protei
serve
DNM
the st
in con
small
tion w
pool.
intera
DNM
know
cer ce
code
able t
Bas

the re
teins,

Figure
plots o
DNMT1
concen
by bioc
under i
(500 nm
AdoMe
hemime
mean o
bars, S
by Sigm
B, dock
with DN
acid res
are sho
are ind
dashes
atoms

Nanaomycin A Inhibits DNMT3B and Reactivates Genes

www.a
logy model showed a backbone root mean square
tion of only 0.08 Å with the template; further details
blished elsewhere (17). Figure 5B shows the opti-
binding model of nanaomycin A with DNMT3B.

ding to this binding model, residues that form the
g pocket of nanaomycin A include Pro650, the cat-
Cys651, Glu697, Arg731, Arg733, Lys828, Gly831, and
2. The carboxylic acid group of the ligand is capable
ing hydrogen bonds with the side chain of Arg832.
ly, with nanaomycin A, both the hydroxyl group
djacent carbonyl oxygen atom are predicted to form
tensive hydrogen bond network with the side
s of Arg731 and Arg733. Additionally, the hydroxyl
of the ligand forms a hydrogen bond with the side
of Glu697. Interestingly, we do not observe similar
gen bonds with the equivalent glutamic acid and
ne residues in docking studies of nanaomycin A
previously validated homology model for the cat-
site of human DNMT1 (32), which provides a pos-
tructural explanation for the enzyme selectivity of
ug.

ssion

number of compounds reported to possess DNA
thylating properties without covalent binding is
ly growing. Due to the high conservation of the cat-
domain within the DNMT family, most compounds
t expected to show selectivity to individual DNMT
es. Additionally, many of these compounds re-
weaker inhibition potential when compared with
side analogues (37). Treatment of MCF-7 cells with
ine reduced the genomic methylation level ∼40%

eactivated transcription of the tumor suppressor
RARβ2, although the demethylation around the

A, we
tion o

are omitted for clarity.
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ription start site was moderate (20). Procainamide
ent of HCT116 cells also induced global demethy-
by ∼15% and a similar degree of locus-specific de-
lation at the TIMP3 tumor suppressor gene (22).
ver, the mode of action of procaine and procaina-
probably relies on their intercalation into GC-rich
, which seemed to be contradictory to the reported
icity of procainamide (20, 38–40).
r study establishes nanaomycin A as a novel
T inhibitor. The biochemical in vitro methylation as-
support the finding that DNMT3B is the major
T target of nanaomycin A. Molecular docking stud-
nanaomycin A using a homology model of the cat-
domain of DNMT3B suggest that an extensive

ogen bond network with Glu697, Arg731, and
3 plays a key role in the stabilization of the
n-ligand complex. Similar interactions were not ob-
d in docking studies of nanaomycin A with
T1, and these results may explain, at least in part,
ructural basis of selectivity. It should be noted that,
trast to a knockdown, blocking DNMT3B with a
-molecule inhibitor would abolish DNMT3B func-
ithout depleting it from the cellular proteomic
This will still permit, for example, protein-protein
ctions, which might weaken the consequences of
T3B inhibition. Additionally, DNMT3B is also
n to be expressed in multiple splice variants in can-
lls with unknown functions (41). Some of them en-
truncated DNMT3B proteins, which might also be
o bind nanaomycin A.
ed on the experimental and theoretical evidence of
action between quinones and cysteine-rich pro-
and the docking model developed for nanaomycin

hypothesize the following mechanism for inhibi-

f DNMT3B with nanaomycin A. Cys651-S− initiates
5. A, dose-response
f nanaomycin A against
and DNMT3B. The IC50

trations were determined
hemical DNMT assays
dentical conditions
ol/L DNMT, 0.7 μmol/L
t, and 400 nmol/L
thylated oligo). Points,
f three measurements;
D. The data were analyzed
aPlot version 10.0.
ing model of nanaomycin A
MT3B. Selected amino
idues of the binding site
wn. Hydrogen bonds
icated with magenta
. Nonpolar hydrogen
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nyl system at the β carbon, which proceeds on the
teric side (Supplementary Fig. S1). Noteworthy, in
cking model, the sulfur atom of Cys651 is close to
carbon. The diene pushes its electron toward the
ite carbonyl atom. Subsequently, an intermediate
e forms at the carbonyl atom (C-11) and the oxy-
tom (O-10; Supplementary Fig. S1). This occurs as
lt of the resonance between the delocalization of
nionic charge of the oxygen and the carbonyl
. However, the enol isoform of nanaomycin A
ure does result; the negative charge located on
ygen is further stabilized by interaction with pos-
esidues Arg731 and Arg733. This stabilization, plus
valent addition of the thiol group (Cys651-S−),

s the catalytic site DNMT3B. Our binding model
MT3B with nanaomycin A is compatible with
scribed 1,4-addition mechanism. Interestingly, this
zation is not favored in DNMT1, which has a larg-
ding pocket. Thus, the selectivity of nanaomycin
ard DNMT3B is probably due to a better stability
catalytic domain.
findings of the biochemical assay and the in silico
ling data are supported by the results of the in vivo
iments. Treatment of different cell lines with nanao-
A showed a significant genomic demethylation, al-
h, as expected, at a lower level than observed for the
lective DNMT inhibitor 5-azacytidine. Similar find-
ere reported for mouse embryonic fibroblasts,
constitutive or conditional deletion of Dnmt3b re-
in genomic demethylation of endogenous C-type
iral DNA. These results have suggested that
3b, in addition to the major maintenance methyl-
erase Dnmt1, is required for maintaining DNA

lation in these cells (42). Although the level of de-
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than that of the genome, it was still sufficient to re-
te transcription and expression of this gene and was
arable with the effects observed with other nonnu-
de inhibitors (20, 22). This result is also in agreement
the data obtained from antisense oligonucleotide–
ated knockdown of DNMT3B in A549 cells (33),
ing antiproliferative effects as well as a similar lim-
ASSF1A promoter demethylation associated with
vated transcription.
hough it is debatable whether the anthracycline
is a good candidate for clinical drug testing due
e lasting cardiotoxicity issues (43), nanaomycin

resents the first non-SAH DNMT3B-selective com-
d and provides a valuable biochemical tool and
mark for future studies.
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