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upregulation through reactive oxygen
species-dependent mechanisms
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Abstract Abundant evidence has accumulated showing that
fetal alcohol exposure broadly modifies DNA methylation
profiles in the brain. DNA methyltransferases (DNMTs), the
enzymes responsible for DNA methylation, are likely impli-
cated in this process. However, their regulation by ethanol
exposure has been poorly addressed. Here, we show that al-
cohol exposure modulates DNMT protein levels through mul-
tiple mechanisms. Using a neural precursor cell line and pri-
mary mouse embryonic fibroblasts (MEFs), we found that
ethanol exposure augments the levels of Dnmt3a, Dnmt3b,

and Dnmt3l transcripts. We also unveil similar elevation of
mRNA levels for other epigenetic actors upon ethanol expo-
sure, among which the induction of lysine demethylase
Kdm6a shows heat shock factor dependency. Furthermore,
we show that ethanol exposure leads to specific increase in
DNMT3A protein levels. This elevation not only relies on the
upregulation ofDnmt3amRNA but also depends on posttran-
scriptional mechanisms that are mediated by NADPH
oxidase-dependent production of reactive oxygen species
(ROS). Altogether, our work underlines complex regulation
of epigenetic actors in response to alcohol exposure at both
transcriptional and posttranscriptional levels. Notably, the up-
regulation of DNMT3A emerges as a prominent molecular
event triggered by ethanol, driven by the generation of ROS.
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Introduction

Exposure to alcohol during pregnancy is a severe challenge
for neurodevelopment and can result in neurobehavioral to
structural brain defects in the offspring, a continuum of con-
ditions referred to as fetal alcohol spectrum disorder (FASD).
Ethanol (EtOH), as a small molecule with both hydrophilic
and lipophilic properties, is able to cross the placental barrier
at any point during pregnancy and produces structural or neu-
rochemical defects in multiple areas during cerebral develop-
ment (reviewed in Lemoine et al. 1968; Jones and Smith 1973;
Streissguth and O’Malley 2000). Extensive work on mouse
models unraveled a variety of cellular processes affected by
EtOH in the developing brain, such as cell survival, neural
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precursors proliferation and differentiation, neuronal migra-
tion, synaptogenesis, redox balance, and gene expression
(reviewed in Guerri et al. 2009; Kleiber et al. 2014).
Recently, we and others have demonstrated that heat shock
factors (HSFs), a family of transcription factors discovered
as stress sensors, but also involved in normal development,
are activated in the murine embryonic cortex exposed to alco-
hol in vivo and mediate both protective and detrimental effects
in the developing cerebral cortex or in neural cell systems
exposed to alcohol (Pignataro et al. 2007; El Fatimy et al.
2014; Hashimoto-Torii et al. 2014).

Both in the presence or in the absence of overt structural or
neurological brain abnormalities, functional disabilities of the
central nervous system (CNS), including behavioral and cog-
nitive deficits as well as psychiatric vulnerability, are consis-
tently observed in FASD individuals (Clarke and Gibbard
2003; Mattson et al. 2011). Especially when not attributable
to specific brain defects, these permanent consequences of
prenatal alcohol exposure (PAE) are thought to be mediated
by stable epigenetic signatures, established in utero upon
stress and propagated throughout development, in which
DNA methylation plays a major role (Kleiber et al. 2014).

Methylation of the DNA plays a quintessential role in the
control of gene expression (Jones 2012). Four DNA methyl-
transferases (DNMTs) have been identified in mammals:
DNMT1, DNMT3A, DNMT3B, and DNMT3-like
(DNMT3L). DNMT1 is traditionally regarded as the mainte-
nance DNMT, which perpetuates DNA methylation upon cell
division, while DNMT3A and DNMT3B are responsible for
de novo methylation (Guibert and Weber 2013). DNMT3L
lacks a functional catalytic domain on its own, but can asso-
ciate with DNMT3A/3B and stimulate their activity in the
germ line and in embryonic stem cells (ESCs) (Bourc’his
et al. 2001; Hata et al. 2002). DNA methylation is critical
for long-term silencing of gene expression during various de-
velopmental processes in mammals, including neurogenesis
and brain formation (Okano et al. 1999; Fan et al. 2001;
reviewed in Guibert and Weber 2013). As a consequence,
altered DNA methylation profiles or defects in the methyla-
tion machinery have been associated to neurodevelopmental
syndromes, cognitive and behavioral impairment, as well as to
psychiatric disorders (Rudenko and Tsai 2014; Peña et al.
2014).

Robust evidence demonstrates that EtOH can genome-
widely modify DNA methylation signatures in the fetal brain,
with enduring effects in adulthood. This includes in vivo stud-
ies in rodent models of PAE and ex vivo EtOH exposure of
mouse embryos, human or murine embryonic stem cells and
neural stem cells (Kaminen-Ahola et al. 2010; Hicks et al.
2010; reviewed in Kleiber et al. 2014; Khalid et al. 2014),
and analyses of FASD patients (Laufer et al. 2015). DNMTs
are likely implicated in this process. The increase or reduction
in the levels of Dnmt transcripts or proteins has been reported

in studies of fetal alcohol exposure paradigms (Bielawski et al.
2002; Mukhopadhyay et al. 2013; reviewed in Mead and
Sarkar 2014) or alcohol abuse behaviors (Bönsch et al.
2006; Ponomarev et al. 2012; Warnault et al. 2013; Barbier
et al. 2016). However, the regulation of all DNMT members,
both at the mRNA and protein levels, and, moreover, its ki-
netics have not been systematically explored, and the mode of
regulation of DNMT levels by EtOH is still obscure.

Here, we showed that EtOH exposure of neural precursors
increased the levels of Dnmt3a, Dnmt3b, and Dnmt3l tran-
scripts, but not Dnmt1. Because the same doses and timing
of EtOH exposure triggered HSF activation, we investigated
the role of the EtOH-responsive HSFs in the accumulation of
Dnmt3a/b/l mRNAs. We found that the EtOH-induced eleva-
tion in Dnmt mRNA levels occurred independently of HSF.
Such HSF independency was also observed for other epige-
netic actors, which also exhibited alteration of their transcript
levels in response to EtOH exposure. One marked exception
concerned the lysine demethylase KDM6A (also called UTX,
ubiquitously transcribed tetratricopeptide repeat, X chromo-
some), whose elevation of mRNA levels was dependent on
the HSF pathway. Finally, at the protein level, we found that
the most prominent output of EtOH exposure was the upreg-
ulation of DNMT3A—but not of other DNMTs—which did
not only result from augmented transcript levels but was also
mediated by posttranscriptional mechanisms dependent on re-
active oxygen species (ROS) production by NADPH oxidase.

Materials and methods

Cell culture and experimental treatments

1C11 cells are immortalized teratocarcinoma-derived murine
cells that have the properties of committed progenitors of se-
rotoninergic or catecholaminergic neuronal lineages (Buc-
Caron et al. 1990). Murine neural progenitors 1C11 were cul-
tured at 37 °C, in a 10% CO2 atmosphere, in DMEM high
glucose pyruvate glutamax, supplemented with 10% FBS,
100 U/ml penicillin and 100 μg/ml streptomycin (all from
Invitrogen).

Mouse Hsf1tm1Ijb and Hsf2tm1Mmr knockout models have
been previously described by McMillan et al. (1998) and
Kallio et al. (2002), respectively. Hsf1tm1Ijb/tm1Ijb will be
named Hsf1−/− and Hsf2tm1Mmr/tm1Mmr will be named Hsf2−/

−. Hsf1 and Hsf2 knockout mice were used to prepare primary
mouse embryonic fibroblasts (MEFs). Primary MEFs deleted
for both Hsf1 and Hsf2 (Hsf1−/−Hsf2−/−) were obtained by
intercrossing single heterozygous knockout mice. Primary
MEFs isolated from E13.5 Hsf1WT, Hsf1−/−, Hsf1WTHsf2WT,
or Hsf1−/−Hsf2−/− embryos were cultured at 37 °C, 5% CO2,
in DMEM high glucose pyruvate glutamax, supplemented
with 10% FBS, 100 U/ml penicillin and 100 μg/ml
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streptomycin (all from Invitrogen). Primary MEFs were used
for experiments at passages 1–3. As the genetic background of
the strain in which the mutation is maintained can sensibly
influence the phenotypes of the Hsf knockout mice (Abane
and Mezger 2010), Hsf1−/−, and Hsf1−/−Hsf2−/− MEFs were
compared with the correspondingWTMEFs derived from the
same genetic background (Balb/c x C57Bl/6N).

1C11 and MEFs were grown to 70–80% confluence and
exposed to heat shock (HS) or EtOH. For thermal stress, cells
were subjected to HS at 42 °C in a water bath. For EtOH
treatment, a tenth of the medium was replaced by fresh medi-
um containing 10× EtOH of the desired final concentration.
Cells were maintained in presence of EtOH for 2, 4, 6, 8, 16,
or 24 h. The permanence of EtOH in the medium during the
time course was monitored with the EnzyChromTM EtOH
Assay Kit (BioAssay Systems ECET-100) and never
descended below 70% of the initial concentration upon 24 h.
1C11 treated with 50 mM (0.29% v/v) to 300 mM (1.76%v/v)
EtOH did not display anomalies in cell morphology or obvi-
ous cell mortality based on the XTT Cell Viability Assay
(Roche, according to the manufacturer’s instructions) and
continued to proliferate (Online Resource 1, Suppl. Fig. S1).
At the end of the HS or EtOH treatment, cells were immedi-
ately placed on ice, rinsed twice in cold PBS, collected as a dry
pellet, frozen in dry ice, and stored at −80 °C, for successive
RNA or protein preparation.

As indicated, cells were treated with 5 mM 4-methyl
pyrazole (4-MP; Sigma M1387), 250 μM cyanamide (CYA;
Sigma 187,364), 5 mM diallyl sulfite (DAS; Sigma A35501),
or 4 μM diphenyleneiodonium (DPI; Sigma D2926). Cells
were preincubated with drugs 45 min before the beginning
of the EtOH treatment, and drugs were left in the medium
all along the treatment.

RNA purification and quantitative RT-PCR (RT-qPCR)

The entire RT-qPCR workflow was designed to fit to MIQE
guidelines (minimum information for publication of quantita-
tive real-time PCR experiments; Bustin et al. 2009; Derveaux
et al. 2010). RNAs from MEFs and 1C11 cells were purified
with Trizol Reagent (Ambion 15596–018) according to manu-
facturer’s instructions and treated one or two times with Turbo
DNase for 45 min at 37 °C (Turbo DNA-free kit, Applied
Biosystem AM1907). RNA concentrations were quantified
using the NanoDrop 1000 Overview (Thermo Scientific), and
reverse transcription was performed from 500 to 1000 ng RNA
using the Maxima Reverse Transcriptase (Thermo Scientific
#EP0741) and oligodT primers, according to manufacturer’s
instructions. RNA integrity was assessed by qPCR-based 3′:5′
gene assay on cDNA (Nolan et al. 2006), and samples showing
a 3′:5′ ratio higher than 7 were discarded.

Primers were designed with Primer3 software (http://
bioinfo.ut.ee/primer3/) and in silico validated for specificity

by electronic PCR (e-PCR; http://www.ncbi.nlm.nih.gov/
tools/epcr/) and by performing qPCR and inspecting the
amplicon length via gel electrophoresis. Primers efficiency
was calculated with LinRegPCR software (http://www.
hartfaalcentrum.nl/index.php?main=files&sub=LinRegPCR).
Primers with efficiency lower to 1.8 were discarded and
redesigned. If not differently specified, primers were
designed in regions common to all the splicing variants
described for that gene. For primers sequences, see Online
Resource 2, Suppl. Table S1.

Quantitative PCR (qPCR) was performed on the Light
Cycler LC480 (Roche) using the ABsolute Blue qPCR
SYBR Green Mixes (Thermo Scientific AB-4167/B). Each
reaction was performed in triplicate, in a total reaction volume
of 10 μl (primers 200 μM). The cycling program (45 cycles)
consisted in 10 s at 95 °C (denaturation), 20 s at 64 °C (an-
nealing), and 20 s at 72 °C (elongation).

Relative quantification and normalization were performed
with efficiency-correctedmultiple reference genesmodel enabled
by qBasePLUS software (http://www.qbaseplus.com). For each
experience, the optimal number and choice of reference genes
was determined with qBasePLUS within a panel of 7–9 putative
reference genes. The selected reference genes were hprt1 and
rpl13a for 6 h, 50–300 mM EtOH treatments on 1C11 cells,
hprt1 and pgk1 for 0 h–24 h EtOH treatment on 1C11 cells,
hmbs and pgk1 for H2O2 treatment on 1C11 cells, and B2m

and cyclophilin for EtOH treatments on MEFs.

Western blot analysis

Nuclear and cytosolic extracts from 1C11 cells were generated
as previously described (Méndez and Stillman 2000). Briefly,
cell pellets were resuspended in buffer A (10 mMHepes pH 8,
10 mM KCl, 1.5 mM MgCl2, 0.34 M sucrose, 10% glycerol,
0.1% triton) supplemented with protease inhibitors cocktail
(Roche), 1 mM DTT (Sigma), 1 mM PMSF (Sigma),
10 mM NaF (Sigma), and 1 mM Na3VO4 (NEB). Nuclei
were pelleted by centrifugation at 1300 g for 5 min at 4 °C.
Supernatants corresponding to cytosolic fractions were trans-
ferred into fresh tubes and boiled in Laemmli buffer 2×
(100 mM Tris pH 7, 20% glycerol, 4% SDS, 0.004%
bromophenol blue, 10% 2-mercaptoethanol) for 5 min.
Nuclei were resuspended in buffer A complemented with
1 mM CaCl2, treated with 1 U of micrococcal nuclease
(Sigma M0247S) for 10 min at 37 °C, and then pelleted by
centrifugation at 1300 g for 5 min at 4 °C. Nuclear and cyto-
solic proteins were boiled in Laemmli buffer 2× (100 mMTris
pH 7, 20% glycerol, 4% SDS, 0.004% bromophenol blue,
10% 2-mercaptoethanol) for 5 min. Nuclear extracts were
sonicated (Bioruptor, Diagenode, 5× 30 s ON/30 s OFF,
High). Thirty to forty micrograms of proteins per sample
was loaded in 7 or 8% Tris-tricine SDS/PAGE gels. Western
blotting was performed with pan-anti-AKT (Cell Signaling
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Technology # 4691; 1:1000) and phosphoSerine473Akt (Cell
Signaling Technology #4060; 1:1000), anti-β-Actin (Abcam
ab20272; 1:1000), anti-DNMT1 (Imgenex IMG-261A;
1:1000), anti-DNMT3A (Imgenex IMG-268A; 1:250), anti-
DNMT3B (Abcam ab13604; 1:250), anti-DNMT3L (non-
commercial rabbit antibody, kind gift from Prof. S. Tajima),
anti-HSC70 (Enzo ADI-SPA-815; 1:1000), anti-HSF1 (Cell
Signaling 4356; 1:1000), anti-HSF2 (non-commercial rabbit
antibody #57, kind gift from L. Sistonen), anti-HSP70 (Enzo
ADI-SPA-810; 1:1000), anti-TET1 (Millipore 09-872,
1:1000), anti-TET2 (Abcam ab12497, 1:1000), and anti-
TET3 (Abcam 135033, 1:500). The intensity of the signals
was quantified with ImageJ software (http://imagej.nih.gov/
ij/index.html).

Immunofluorescence

1C11 cultured on coverslips were fixed with 3% paraformal-
dehyde in phosphate-buffered saline (PBS) for 15min at room
temperature. After two washes with cold PBS, cells were in-
cubated in blocking solution (5% bovine serum albumin in
PBS-0.2% Triton) for 1 h at room temperature. Antibodies
were diluted in blocking solution and added overnight (mono-
clonal anti-HSF1 (NeoMarkers ab4; 1:200) and rabbit anti-
HSF2 (non-commercial polyclonal antibody #57, kind gift
from L. Sistonen)). After three washes with PBS-0.05%
Tween20, cover slips were incubated with secondary antibod-
ies anti-rabbit Alexa 488 and anti-rat Alexa 568 (Invitrogen)
for 1 h. The cover slips were mounted and DNAwas visual-
ized using Vectashield mounting mediumwith 4,6-diamidino-
2-phenylindole (DAPI) (Vector Laboratories, Burlingame,
CA). Relative fluorescence intensity was quantified in nuclei
using ImageJ (NIH), after defining regions of interest with
DAPI staining. Pictures were taken with a Leica SP5 confocal
microscope (magnification ×40) equipped with Metamorph.

Measure of ROS levels

ROS levels in 1C11 cells were estimated using the cell-
permeant 2′,7′-dichlorodihydrofluorescein diacetate
(H2DCFDA) molecular probe according to manufacturer’s
instructions (Life technologies, D-399). Upon cleavage of
the acetate groups by intracellular oxidation, the non-
fluorescent H2DCFDA is converted to the highly fluorescent
2′,7′-dichlorofluorescein (DCF). Fluorescence was monitored
using a microplate reader (Glomax, Promega).

Statistical analysis

For each experiment, the number of independent experiments
and the statistical methods are described in the corresponding
legends of figures.

Results

Alcohol exposure increases Dnmt3a at transcript

and protein levels in neural precursor cells and MEFs

First, to choose doses of EtOH that will be used along this
study, we conducted pilot experiments with the 1C11 cells, a
murine model of committed neuronal progenitors (Buc-Caron
et al. 1990; Mouillet-Richard et al. 2000). Cells were exposed
to a range of EtOH concentrations to determine the EtOH
doses effective in triggering the activation of the HSF path-
way, which has been observed in diverse neural PAE para-
digms, in or ex vivo (Pignataro et al. 2007; El Fatimy et al.
2014; Hashimoto-Torii et al. 2011, 2014). The doses of
150 mM (0.88% v/v) and 300 mM EtOH were chosen for
our following investigations, as exposure of 1C11 cells to both
150 or 300 mMEtOH led to increased HSF1 and HSF2 DNA-
binding activity (HSR, Online Resource 1, Suppl. Fig. S2a)
and Hsp70 mRNA and Hsp70 protein induction (Online
Resource 1, Suppl. Fig. S2b, c). Note that blood alcohol con-
centrations (BAC) produced by in vivo EtOH treatments in
pregnant mice are generally lower, comprised in a range be-
tween 60 and 100 mM (Green et al. 2007; El Fatimy et al.
2014; Hashimoto-Torii et al. 2011; Boehm et al. 1997).
However, 150–300 mM EtOH concentrations are within the
range attained by human alcoholics (Lindblad and Olsson
1976; Hofmann and Hofmann 1975). In addition, ex vivo cell
systems often require higher doses of EtOH to mimic EtOH
effects that are observed in vivo at lower concentrations
(Cheema et al. 2000; Hicks et al. 2010). Of note, 1C11 cell
treatment with 150 to 300 mM elicited an approximately two-
fold induction in hsp70 transcripts, which was comparable to
observations in the fetal brain in vivo upon chronic alcohol
intoxication (El Fatimy et al. 2014).

Analogously, EtOH doses for experiments on primary
MEFs were chosen for their capacity to trigger a HSR, as they
do in immortalized iMEFs (El Fatimy et al. 2014, see below).

We next probed the impact of EtOH on DNMTs expression.
Exposure of 1C11 progenitors for 6 h to 50, 150, and 300 mM
of EtOH led to a significant dose-dependent increase, up to
twofold, in the transcript levels of the DNA methyltransferases
Dnmt3a, Dnmt3b, and Dnmt3l (Fig. 1a). In contrast, Dnmt1
mRNA levels were not significantly affected, except for a tran-
sient moderate reduction at 300 mM (Fig. 1a, b at 4 h).

In time course experiments at 300 mM EtOH, Dnmt3a,
Dnmt3b, and Dnmt3l mRNA levels were increased from 4 h
of exposure (Fig. 1b). Analogous but less pronounced varia-
tions were also observed upon 150 mM EtOH time course
(Online Resource 1, Suppl. Fig. S3a; see also Suppl. Fig.
S3b for the evaluation of the respective abundance of each
transcript population). Remarkably,Dnmt3a andDnmt3l tran-
script levels were still elevated upon 16 and 24 h of EtOH
exposure, in contrast to Dnmt3b transcripts, whose levels
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Fig. 1 Alcohol exposure increases Dnmt3a at transcript and protein
levels in neural precursors. a Dnmt mRNA levels in 1C11 cells exposed
from 50 to 300 mM EtOH for 6 hours (6 h). RNA preparations were
assayed by RT-qPCR for Dnmt1, Dnmt3a, Dnmt3b, and Dnmt3l

mRNAs. Results are shown as the average Dnmt mRNA levels ± SEM
over unstimulated cells in three independent experiments, normalized to
hprt1 and rpl13a levels. One-way ANOVA followed by adjustment for
multiple comparisons using Dunnett’s method was performed: *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001 vs. 0 mM. #p < 0.05,
###p < 0.001 vs. 150 mM. b Dnmt mRNA levels in 1C11 cells exposed
to 300 mMEtOH for 4, 8, 16, or 24 h. RNA preparations were assayed by
RT-qPCR for Dnmt1, Dnmt3a, Dnmt3b, and Dnmt3l mRNA. Results are
shown as the averageDnmtmRNA levels ± SEM over unstimulated cells
in five independent experiments, normalized to hprt1 and pgk1 levels.
One-way ANOVA followed by adjustment for multiple comparisons
using Dunnett’s method was performed: *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001 vs. 0 h. c Immunoblot analysis of
DNMT protein levels in nuclear extracts of 1C11 cells treated with

EtOH (300 mM) for 8, 16, or 24 h. A representative immunoblot of four
independent experiments (left panel) and quantification of the average
DNMT/HSC70 ratios ± SEM over unstimulated cells (right panel) are
shown. DNMT3L was not detected. The low signal/background ratio for
DNMT3A2 and DNMT3B proteins prevented reliable quantification.
HSC70 is a cognate heat shock protein that partially localizes in the
nucleus; reviewed in Liu et al. 2012). As alcohol exposure does not affect
its nucleocytoplasmic localization, nuclear HSC70 was therefore used as
an internal loading control. One-wayANOVA followed by adjustment for
multiple comparisons using Dunnett’s method was performed:
**p < 0.01, ***p < 0.001 vs. 0 h. d DNMT3Awas detected by immuno-
fluorescence in 1C11 cells treated with 300 mM EtOH for 8, 16, or 24 h.
Representative confocal microscopy images (left; scale bar 20 μm) and
quantification of the average DNMT3A nuclear signal (right) are shown.
Number of cells counted in each conditions: 320 in control conditions,
162 at 8 h, 142 at 16 h, and 176 at 24 h. One-way ANOVA followed by
adjustment for multiple comparisons using Tukey’s method was per-
formed: ****p < 0.0001 vs. 0 h
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returned to basal values before 16 h, after a transient augmen-
tation (Fig. 1b).

The prolonged increase in Dnmt3a transcripts induced by
EtOH exposure was paralleled by an augmentation of protein
levels in the nuclear compartment, for both DNMT3A1 and
DNMT3A2 (Fig. 1c), two isoforms generated from alternative
transcription start sites in theDnmt3a gene (Chen et al. 2002). On
the contrary, DNMT1 and DNMT3B signals were not affected
by EtOH treatment in 1C11 cells (Fig. 1c). A global increase in
DNMT3A protein levels was also observed in immunofluores-
cence experiments, in the nucleus of 1C11 cells upon EtOH
exposure (Fig. 1d; note that a DNMT3A signal was also ob-
served in the cytoplasm of 1C11 cells, a localization previously
reported in the literature, (Wong et al. 2013; Jia et al. 2016).

To enlarge our observations in the 1C11 cell line, we treat-
ed wild-type (WT) primary MEFs with EtOH and analyzed
Dnmt levels. MEFs exposed to EtOH displayed statistically
significant, prolonged increase in Dnmt3a transcript levels,
similarly to 1C11 cells. In addition, MEFs displayed a tran-
sient increase in Dnmt3b mRNA, followed by marked down-
regulation, as well as a reduction inDnmt1mRNA levels (Fig.
2a). As expected, Dnmt3l mRNA was not detected in these
cells, since it is quickly downregulated during the differentia-
tion of somatic cells (Aapola et al. 2000). Importantly, the
increase in DNMT3A1 protein levels was reproducibly ob-
served in WT MEFs exposed to EtOH for 16 and 24 h (Fig.
2b), as they were in 1C11 cells (Fig. 1c). In WTMEFs, and in
contrast to 1C11 cells, DNMT1 and DNMT3B levels de-
creased (Fig. 2b), underlying some cell-type specificity in
DNMT induction profiles, at EtOH concentrations that trigger
DNMT3A upregulation.

Steady-state methylation of DNA reflects a balance between
methylation and demethylation activities. Cytosine
hydroxymethylation (5hmC) can serve as an intermediate in
DNA demethylation process (Guibert and Weber 2013; Lister
et al. 2013) and is catalyzed by TET enzymes (ten–eleven
translocation TET1, TET2, and TET3), which convert 5mC
into 5hmC. 5hmC is a very abundant epigenetic mark in the
brain and hydroxymethylation is potentially disturbed by alco-
hol, at least in adult tissues, or by other prenatal stress (Tammen
et al. 2014; Massart et al. 2014). For these reasons, we inves-
tigated the dynamics of TET levels in response to EtOH expo-
sure. Although we detected a tendency to increased levels of
TET transcripts in response to exposure to 150 or 300 mM
EtOH in 1C11 cells (Online Resource 1, Suppl. Fig. S4a), we
could not detect any alteration in TET enzyme levels (Online
Resource 1, Suppl. Fig. S4b). This suggests that it is unlikely
that EtOH would disturb hydroxymethylation through changes
in TET levels, in 1C11 cells.

Altogether, these results indicate that EtOH exposure
upregulates both DNMT3A transcript and protein levels in
1C11 neural precursor cells and MEFs. Remarkably, despite
cell-type differences in the EtOH-induced modulation of

Dnmt transcript and protein levels, the increase in DNMT3A
emerged as a shared robust feature triggered by EtOH.

The elevation of Dnmt transcript levels in response

to EtOH is HSF-independent

We and others previously showed that HSFs are activated by
alcohol (El Fatimy et al. 2014; Pignataro et al. 2007;
Hashimoto-Torii et al. 2014). Because Dnmt genes have been
identified as potential HSF targets in various HSF1 or HSF2
ChIP-seq analyses (Online Resource 2, Suppl. Table S2), we
hypothesized that the modulation of Dnmt mRNA levels
could be HSF-dependent. Taking advantage of the mouse
Hsf1 and Hsf2 knockout models (McMillan et al. 1998;
Kallio et al. 2002), we generated and analyzed early passage
Hsf1−/− and Hsf1−/−Hsf2−/− (double knockout) MEFs. Early
passages were chosen, since the epigenome is quickly
remodeled in culture, with alteration in Dnmt gene expression
(Nestor et al. 2015), which could be a bias in our studies.
Although a clear HSF1-dependent induction of Hsp70

mRNA levels was observed upon EtOH exposure (Fig. 3a,
b), showing the correct activation of the HSF pathway in
WTMEFs, the changes in Dnmt1, Dnmt3a, or Dnmt3b levels
displayed no HSF dependency (Fig. 3a, b).

We also explored the EtOH-induced changes in the tran-
script levels of other epigenetic actors, which have been iden-
tified as potential HSF target genes in the above-cited ChIP-
seq analyses: enzymes involved in histone acetylation,
deacetylation, methylation, or demethylation (Online
Resource 2, Suppl. Table S2). Although many of them exhib-
ited increased mRNA levels in response to EtOH, this eleva-
tion occurred in an HSF-independent manner (Online
Resource 1, Suppl. Fig. S5). The sole exception was the lysine
demethylase Kdm6a gene (UTX; reviewed in Black et al.
2012), whose increase in mRNA levels was dependent on
HSF1 (Online Resource 1, Suppl. Fig. S5).

Altogether, these data indicate that the upregulation of
DnmtmRNA levels, as well as most of other epigenetic actors
upon EtOH treatment, is not connected to the HSF pathway.

The increase in DNMT3A levels is dependent

on EtOH-induced ROS production in 1C11 neural

precursor cells

EtOH metabolism is known to generate ROS in the liver and
brain in adult mice, and cytochrome P4502E1 (CYP2E1) has
been largely suspected to entail ROS production, along with
alcohol dehydrogenase (ADH), mitochondrial aldehyde-
dehydrogenase (ALDH), and NADPH oxidase (for review
see Caro and Cederbaum (2004); Goodlett et al. 2005; Das
and Vasudevan 2007). This prompted us to investigate whether
the robust and specific induction of DNMT3A1 at the protein
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level observed upon EtOH exposure in 1C11 neural progeni-
tors andWTMEFs (Figs. 1 and 2) would be mediated by ROS.

We verified that EtOH exposure, at the concentrations used,
was able to induce ROS accumulation in 1C11 cells (300 mM,
Fig. 4a or 150 mM, Fig. 4b). Specific inhibition of ALDH by
CYA (Dawson 1983), of CYP2E1 by DAS, or combined inhi-
bition of ADH and CYP2E1 by 4-MP (Swaminathan et al.
2013), did not prevent ROS production in 1C11 cells exposed
to 150 mM EtOH (Fig. 4b). In contrast, two inhibitors of
NADPH oxidase (Ragan 1980), DPI (Fig. 4a) or APO (Fig.
4b), abolished the EtOH-induced production of ROS, suggesting
that NADPH oxidase is one major enzyme driving the produc-
tion of ROS in 1C11 neural progenitors upon EtOH exposure.

We next asked whether EtOH-induced ROS production
could mediate the increase in DNMT3A protein.
Remarkably, DPI counteracted EtOH-induced DNMT3A1
protein upregulation in 1C11 progenitors (Fig. 4c). The pro-
tein level of DNMT1 remained unchanged whatever the treat-
ment. To confirm that ROSwere involved in the accumulation
of DNMT3A protein, we exposed 1C11 cells to H2O2

(100 μM, 16 h). We showed that H2O2 treatment had no im-
pact on DNMT1 expression but specifically increased
DNMT3A protein level, as did EtOH (Fig. 4d).

Interestingly, NADPH oxidase inhibition by DPI did not
prevent the increase in Dnmt3a transcript levels upon EtOH
exposure in 1C11 cells (Online Resource 1, Suppl. Fig. 6).

This suggests that the reduction of DNMT3A protein level
observed after NADPH oxidase inhibition in EtOH exposed
cells is not associated with decrease of Dnmt3a mRNA.
EtOH-induced accumulation of DNMT3A1 protein rather re-
flects ROS-dependent action at the level of Dnmt3a mRNA
translation or DNMT3A protein stability.

These data thus suggest that EtOH exposure, beyond mod-
ulating Dnmt3a transcript levels by yet-to-be identified mech-
anisms, favors the accumulation of DNMT3A protein in 1C11
cells, by a process that depends on the production of ROS by
NADPH oxidase. Moreover, because NADPH oxidase has
been shown to modulate Akt activity (Chen et al. 2007), we
checked whether exposure of MEFs and 1C11 cells to EtOH,
in conditions that lead to elevated DNMT3A levels, provoked
Akt activation. Indeed, we observed an increase in Akt phos-
phorylation on residue Ser473 in both cell systems (Online
Resource 1, Suppl. Fig. 6B and C), suggesting that at least
part of the effect of NADPH oxidase on DNMT3A levels
might be mediated by Akt activation.

Discussion

Dysregulation of DNA methylation in response to alcohol ex-
posure has been documented in the literature, but the impact of
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Fig. 2 EtOH exposure increases Dnmt3a at transcript and protein levels
in primary MEFs. a Dnmt mRNA levels in primary MEFs exposed to
430 mM (2.5%) EtOH for 4, 8, 16, or 24 h. RNA preparations were
assayed by RT-qPCR for Dnmt1, Dnmt3a, Dnmt3b, and Dnmt3l

mRNA. Dnmt3l transcripts could not be detected in MEFs (Aapola
et al. 2000). Results are shown as the average Dnmt mRNA
levels ± SEM over unstimulated cells in four independent experiments,
normalized to B2m and cyclophilin levels.One-wayANOVA followed by
adjustment for multiple comparisons using Dunnett’s method was

performed: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs.
0 h. b. Immunoblot analysis of DNMT protein levels in nuclear extracts
of primary MEFs treated with EtOH (430 mM) for 16 or 24 h (right).
DNMT3L and DNMT3A2 were not detected. The low DNMT3B signal/
background ratio prevented reliable quantification. HSC70 was used as
an internal loading control. A representative immunoblot of three inde-
pendent experiments (left panel) and quantification of the average
DNMT/HSC70 ratios ± SEM over unstimulated cells (right panel) are
shown
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EtOH on the expression of all members of the DNMT family
has been poorly explored at the mRNA and protein levels.

Because neural development is extremely sensitive to
stress, including ethanol (Gräff et al. 2011), here we analyzed
the variations in Dnmt transcript and DNMT protein levels,
induced by EtOH in the 1C11 cell line, a murine model of
committed neuronal progenitors. We also took advantage of
primary MEFs derived fromHsf1 and Hsf2 knockout mice, in
order to investigate the role of HSFs on DNMT expression.

First, we bring evidence that the different DNMTs are not
affected in the same manner upon EtOH exposure.

Fundamentally, de novo Dnmt3a, Dnmt3b, and Dnmt3l

mRNA levels tend to increase both in 1C11 cells and in pri-
mary MEFs, while the amount of Dnmt1 transcripts remains
stable or is downregulated. Second, prolonged upregulation of
DNMT3A by ethanol is observed in both systems, despite
1C11 cells and MEFs display some cell-type differences for
the other DNMTs. The augmentation of DNMT3A in the nu-
cleus could potentially increase DNMT3A availability in the
cell for de novo DNA methylation.

In the case ofMEFs, similar observations have been report-
ed for the downregulation of DNMT1 levels, while inverse
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Fig. 3 HSF1 and HSF2 do not
regulate Dnmt transcription in
response to EtOH in primary
MEFs. Dnmt mRNA levels in
primary Hsf1WT and Hsf1−/−

MEFs (a) or Hsf1WTHsf2WT and
Hsf1−/−Hsf2−/− MEFs (b),
exposed to 430mMEtOH for 4 or
8 h. Knocked-out cells were
compared with WT MEFs arisen
from the corresponding genetic
background (see the BMethods^
section). RNA preparations were
assayed by RT-qPCR for Dnmt
and hsp70 mRNA. Results are
shown as the average mRNA
level ± SEM over unstimulated
cells in three independent experi-
ments, normalized to B2m and
cyclophilin levels. One-way
ANOVA followed by adjustment
for multiple comparisons using
Sidak’s method was performed:
*p < 0.05, **p < 0.01,
***p < 0.001
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variations concerning DNMT3A and DNMT3B have been
shown by Mukhopadhyay et al. (2013). Such discrepancies
might root in the different culture conditions that have been
applied, that is the use of primary MEFs of early passages (in
our case) vs. immortalized MEFs, as well as the different
kinetics that have been investigated, that is a series of time

points within the first 24 h in study vs. a single time point at
48 h in Mukhopadhyay et al. (2013).

We also show that EtOH exposure disturbs the mRNA levels
of many epigenetic actors, involved in (de)methylation and/or
acetylation. Interestingly, most of these alterations result in the
upregulation of transcript levels (except for Kdm8; Online
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Fig. 4 DNMT3A1 protein levels are controlled by NADPH oxidase-
mediated ROS production. a ROS levels in 1C11 cells treated with
EtOH (300 mM) for 2, 4, 8, or 24 h, in the presence of 4 μM DPI or
the same volume of DMSO. ROS levels were measured using the CM-
H2DCFDA fluorogenic probe. Results are shown as the average ROS
levels ± SEM over unstimulated cells treated with DMSO of three inde-
pendent experiments. One-wayANOVA followed by adjustment for mul-
tiple comparisons using Sidak’s method was performed: *p < 0.05,
**p < 0.01, ***p < 0.001. b ROS levels in 1C11 cells treated with
EtOH (150 mM) for 4 h, in presence of 250 μM cyanimide (CYA,
5 mM DAS, 5 mM 4-MP, or 500 μM APO. ROS levels were measured
using the CM-H2DCFDA fluorogenic probe. Results are shown as the
average ROS levels ± SEM over unstimulated cells treated with DMSO
of three to five independent experiments. Two-way ANOVA followed by
Bonferroni post hoc test was performed: **p < 0.01. c Immunoblot

analysis of DNMT1 and DNMT3A protein levels in nuclear extracts of
1C11 cells treated with EtOH (300 mM) for 16 h, in presence of 4 μM
DPI or the same volume of DMSO. HSC70 was used as an internal
loading control. A representative immunoblot of four independent exper-
iments (left) and quantification of the average DNMT/HSC70
ratios ± SEM over unstimulated cells (right) are shown. One-way
ANOVA followed by adjustment for multiple comparisons using
Sidak’s method was performed: *p < 0.05, ***p < 0.001. d

Immunoblot analysis of DNMT1 and DNMT3A protein levels in nuclear
extracts of 1C11 cells treated with H2O2 (100 μM) for 16 h. HSC70 was
used as an internal loading control. A representative immunoblot of four
independent experiments (left) and quantification of the average DNMT/
HSC70 ratios ± SEM over unstimulated cells (right) are shown. Unpaired
t test was performed: ***p < 0.001
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Resource 1, Suppl. Fig. 5). One can thus speculate that these
transcription events might be under the control of specific tran-
scription factors or posttranscriptional events affecting mRNA
stability. However, for most of these epigenetic actors, these
transcript perturbations occur independently of the HSF path-
way, although this pathway is activated upon EtOH exposure in
this study, as well as in others (El Fatimy et al. 2014; Pignataro
et al. 2007; Hashimoto-Torii et al. 2014). One notable exception
is the histone lysine demethylase Kdm6a, whose elevation in
mRNA levels in response to alcohol exposure is dependent on
HSF1 (Online Resource 1, Suppl. Fig. 5). Of note, mutations in
Kdm6a are linked to intellectual disabilities (Miyake et al.
2013). Another explanation to account for the accumulation of
mRNAs encoding epigenetic actors might be the alterations in
the abundance of microRNAs, induced by alcohol exposure
(Sathyan et al. 2007).

Although Dnmt and TET mRNA levels are increased upon
EtOH exposure, we find that many of their protein products
remain unaffected by alcohol exposure, which suggests that
some compensatory mechanisms at the steps of translation or
protein stability could prevent the accumulation of epigenetic
actors (Gutala et al. 2004; Green et al. 2007). One marked
exception concerns DNMT3A, whose levels are robustly up-
regulated in response to alcohol exposure both in 1C11 neural
progenitors and in MEFs.

To gain further insight into DNMT3A regulation, we in-
vestigated whether the EtOH-induced ROS levels might take
part in this process. In agreement with the well-described ca-
pacity of ethanol to promote the synthesis of ROS at the root
of some deficits observed in FASD (Brocardo et al. 2011), we
show that alcohol stimulates the production of ROS by
NADPH oxidase, which in turn contributes to the increase in
DNMT3A protein expression in 1C11 cells. Of note, because
inhibition of NADPH oxidase does not prevent the EtOH-
induced accumulation of Dnmt3a transcripts, it appears that
the rise of Dnmt3a transcript depends on yet-to-be identified
redox-insensitive mechanisms. In contrast, the EtOH-induced
increase in DNMT3A protein levels mobilizes redox-sensitive
posttranscriptional mechanisms. Because NADPH oxidase
has been shown to modulate Akt activity (Chen et al. 2007),
one attractive possibility is that NADPH oxidase impact on
DNMT3A levels would be mediated by Akt. We indeed ob-
served Akt activation by phosphorylation on Ser473 in MEFs
and 1C11 cells exposed to EtOH, which is in line with previ-
ous reports in other cell systems (Ron and Messing 2013).

Overall, we provide a thorough picture of the impact of
ethanol on the expression levels of Dnmts, in cell systems.
Our finding that DNMT3A accumulates upon alcohol expo-
sure paves the way towards a mechanism that could mediate
either protective or detrimental effects of ethanol, through
modifications of the epigenome. Indeed, on the one hand, it
remains to be understood whether DNMT3A accumulation
represents a global mechanism that aims at minimizing the

perturbations induced by alcohol on DNA methylation, since
alcohol exposure results in reduced availability in S-adenosyl
methionine (SAM), the principal methyl-donor, for DNA or
histone methylation. On the other hand, alcohol exposure re-
sults in hypomethylation or hypermethylation of DNA, de-
pending on the genomic regions considered, with potential
impact on gene expression. This suggests that DNMT3A ac-
cumulation could be hijacked for DNMT3A redistribution and
leads to the deposition of DNA methylation Bscars^ in a
genome-wide manner, with potential deleterious effects in
gene expression, as suggested by the persistence of altered
DNA methylation regions at temporal distance from alcohol
exposure (Kleiber et al. 2014).
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