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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 mechanmisms. Using a neural precursor cell line and pri-
mary mouse embryonic fibroblasts (MEFs), we found that
ethanol exposure augments the levels of Dumit3a, Dnmi3b,
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and Drnmi3! transcripts. We also unvell similar elevation of
mRNA levels tor 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 of Dnmiia mRNA 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, dniven by the generation of ROS.

Keywords DNA methyltransterases - Ethanol exposure -
Transcnption - Heat shock factors - Reactive oxygen species
(ROS) - NADPH oxidase - Epigenetic regulators

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 etal. 1968; Jones and Smuth 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-Toni 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:
DNMTI1, DNMT3A, DNMT3B, and DNMT3-like
(DNMT3L). DNMT!I 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 ling and in embryonic stem cells (ESCs) (Bourc his
et al. 2001; Hata et al. 2002). DNA methylation 1s critical
tor 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; Pefia 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
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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 (Binsch et al.
2006; Ponomarev et al. 2012; Wamault 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 Dnmi3a, Dnmi3b, and Dnmi3! tran-
scripts, but not Dumtl. 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
Dnmi3a/b/l mRNAs. We found that the EtOH-induced eleva-
tion in Damt 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 KDMG6A (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

IC11 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% CO, atmosphere, in DMEM high
glucose pyruvate glutamax, supplemented with 10% FBS,
100 U/ml penicillin and 100 pg/ml streptomycin (all from
Invitrogen).

Mouse Hsf1™""" and Hsf2"'"*™" knockout models have
been previously described by McMillan et al. (1998) and
Kallio et al. (2002), respectively. Hsf i milib il be
named HsfI™~ and Hsf2™Mmrimidmr ol be named Hsf2™
. Hsf1 and Hsf2 knockout mice were used to prepare primary
mouse embryonic fibroblasts (MEFs). Primary MEFs deleted
for both Hsfl and Hsf2 (Hsfl™* Hsf2™") were obtained by
intercrossing single heterozygous knockout mice. Primary
MEFs isolated from E13.5 HsfTW7, Hsf1™", Hsf1“ Hsf2W7,
or Hsf1™" Hsf2™" embryos were cultured at 37 °C, 5% CO.,
in DMEM high glucose pyruvate glutamax, supplemented
with 10% FBS, 100 U/ml penicillin and 100 pg/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 HsfI™" Hsf2~~ MEFs were
compared with the corresponding WT MEFs derived from the
same genetic background (Balb/c x C57BL'6N).

IC11 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 contaming 10x 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 Enz“j,ri:‘hrq:rmTr"'j 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%w'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 freatment, 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 uM cyanamide (CYA;
Sigma 187,364), 5 mM diallyl sulfite (DAS; Sigma A35501),
or 4 uM 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-gPCR workflow was designed to fit to MIQE
guidelines (minimum information for publication of quantita-
tive real-time PCR expenments; 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 AMI1907). ENA concentrations were quantitied
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
#EP(741) and oligodT primers, according to manufacturer’s
instructions. RNA integrity was assessed by qPCR-based 35"
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.ncbinlm.mh.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=hles&sub=LinReg PCE).
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 (gPCR) 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 pl (primers 200 uM). 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-corrected multiple reference genes model 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 hprtl and
rpdl 3a tor 6 h, 50300 mM EtOH treatments on 1C11 cells,
]l and pekl for 0 h-24 h EtOH treatment on 1C11 cells,
hmbs and pekl for HyO. treatment on 1C11 cells, and B2m
and cvelophilin for EtOH treatments on MEFs.

Western blot analysis

Nuclear and cytosolic extracts from 1 C11 cells were generated
as previously described (Méndez and Stillman 2000). Briefly,
cell pellets were resuspended in butfer A (10 mM Hepes pH 8,
10 mM KCl, 1.5 mM MgCl12, 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 | mM Na3VO4 (NEB). Nuclei
were pelleted by centrifugation at 1300 g for 5 min at 4 °C.
Supematants 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
| mM CaCl,, treated with 1 U of micrococcal nuclease
(Sigma M02478) 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 mM Tris
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 phosphoSenned 73 Akt (Cell
Signaling Technology #4060; 1:1000), anti--Actin ( Abcam
ab20272; 1:1000), anti-DNMT] (Imgenex IMG-261A;
1:1000), ant-DNMT3A (Imgenex IMG-268A; 1:250), anti-
DNMT3B (Abcam abl3604:; 1:250), anti-DNMT3L (non-

commercial rabbit antibody, kind gift from Prof. 8. 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 abl2497, 1:1000), and anti-
TET3 (Abcam 135033, 1:500). The intensity of the signals
was quantified with Image] software (http://imagej.nih.gov/
1)/index. html).

Immunofluorescence

IC11 cultured on coverslips were fixed with 3% paraformal-
dehyde in phosphate-butfered saline (PBS) for 15 min 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%
Tween2(, 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 DNA was visual-
ized using Vectashield mounting medium with 4.6-diamidino-
2-phenylindole (DAPI) (Vector Laboratories, Burlingame,
CA). Relative fluorescence intensity was quantified in nuclei
using Imagel (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
(H2ZDCFDA) molecular probe according to manufacturer’s
instructions (Life technologies, D-399). Upon cleavage of
the acetate groups by intracellular oxidation, the non-
fluorescent H2ZDCFDA 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.
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Alcohol exposure increases Dnmiia 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 mM EtOH 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. 52b, ¢). 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 hsp 70 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 iIMEFs (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 methyltransterases
Dnmit3a, Dnmi3b, and Dnmi3l (Fig. 1a). In contrast, Dnmtl
mRNA levels were not significantly aftected, except for a tran-
sient moderate reduction at 300 mM (Fig. 1a, b at 4 h).

In time course experiments at 300 mM EtOH, Dnmi3a,
Dnmi3b, and Dumr3l 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, Dnmi3a and Dwnmi3! tran-
script levels were still elevated upon 16 and 24 h of EtOH
exposure, mn contrast to Dmmi3bh transcripts, whose levels
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Fig. 1 Alcohol exposure increases Dnmi3a at transcript and protein
levels in neural precursors. a Damt mBENA levels in 1C11 cells exposed
from 50 to 300 mM EtOH for 6 hours {6 h). RNA preparations were
assaved by RT-qPCR for Dnmi!, Dami3a, Drmiib, and Dnmi3l
mENAs. Results are shown as the average Dnmi mRENA levels + SEM
over unstimulated cells in three independent experiments, nommalized to
fptd and rpll3a levels. One-way ANOVA followed by adjusiment for
multiple comparisons using Dunnett’s method was performed: *p < 0,05,
¥op < 0.01, ¥ < 0,001, **%%p < 0.0001 vs. 0 mM. #p < 0.05,
titip < 0.001 vs. 150 mM. b Do mBRNA levels in 1C11 cells exposed
to 300 mM EtOH for 4, 8, 16, or 24 h. RNA preparations were assayed by
RT-qPCR for Damied, Dnmi3a, Demi3b, and Damie 3l mRNA. Results are
shown as the average Dnmr mENA levels £ SEM over unstimulated cells
in five independent expenments, normalized to hpee] and pgkl levels.
One-way ANOVA followed by adjustment for multiple comparisons
using Dunnett’s method was performed: *p < 0.05, **p < 0.01,
wEEp < 0,001, ¥¥¥Es < 00001 vs. 0 h. ¢ Immunoblot analysis of
DNMT protein levels in nuclear extracts of 1C11 cells treated with
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EtOH (300 mM) for &, 16, or 24 h. A representative immunoblot of four
independent experiments {leff panel) and quantification of the average
DNMT/HSCT0 ratios = SEM over unstimulated cells (right panel) are
shown. DNMT3L was not detected. The low signal/back ground ratio for
DNMT3A2 and DNMT3B proteins prevented reliable quantification.
HSCT70 15 a cognate heat shock protein that partially localizes in the
nucleus:; reviewed in Liu et al. 201 2). As alcohol exposure does not affect
its nucleocytoplasmic localization, nuclear HSCT0 was therefore used as
an internal loading control. One-way ANOWA followed by adjustment for
multiple comparisons using Dunnett’s method was performed:
¥ < 001, **¥p < 0,001 vs. 0h. d DNMT3 A was detected by imnmuno-
fluorescence in 1C11 cells treated with 300 mM EtOH for 8, 16, or 24 h,
Representative confocal microscopy images (leff; scale bar 20 pm) and
guantification of the average DNMT3 A nuclear signal (#ight) 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

@ Springer



F. Miozzo et al.

returned to basal values before 16 h, after a transient augmen-
tation (Fig. 1b).

The prolonged increase i Dmmida transcripts induced by
EtOH exposure was paralleled by an augmentation of protein
levels in the nuclear compartment, for both DNMT3Al and
DNMT3A2 (Fig. lc), two isoforms generated from alternative
transcription start sites in the Drmni3a gene (Chen et al. 2002). On
the contrary, DNMT1 and DNMT3B signals were not atfected
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) pnnmary MEFs with EtOH and analyzed
Dnmt levels. MEFs exposed to EtOH displayed statistically
significant, prolonged increase in Dnmi3a transcript levels,
similarly to 1C11 cells. In addition, MEFs displayed a tran-
sient increase in Dumi3h mRNA, followed by marked down-
regulation, as well as a reduction in Dnmi] mRNA levels (Fig.
2a). As expected, Dnmi3! 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 DNMT3AI1 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 WT MEFs, and in
contrast to 1C11 cells, DNMTI! 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—cleven
translocation TET1, TET2, and TET3), which convert 5mC
into ShmC. ShmC 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 ( Tamimen
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 1CI11 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
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Dinmt transcript and proten levels, the increase in DNMT3A
emerged as a shared robust feature triggered by EtOH.

The elevation of Dumi 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 82}, we
hypothesized that the modulation of Dnmt mRNA levels
could be HSF-dependent. Taking advantage of the mouse
Hsfl and Hsf2 knockout models (McMillan et al. 1998;
Kallio et al. 2002), we generated and analyzed early passage
Hsf1™ and HsfI™ " Hsf2™" (double knockout) MEFs. Early
passages were chosen, since the epigenome is quickly
remodeled in culture, with alteration in Dnmr 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
WT MEFs, the changes in Dumid, Dnmit3a, or Dnmi3b 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 heen 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 52). 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. 55). The sole exception was the lysine
demethylase Kdmta gene (UTX: reviewed in Black et al
2012), whose increase in mRNA levels was dependent on
HSF1 (Online Resource 1, Suppl. Fig. 55).

Altogether, these data indicate that the upregulation of
Dnmt mRNA levels, as well as most of other epigenetic actors
upon Et0H treatment, 1s 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 P4302E1 (CYP2EL) has
been largely suspected to entaill 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 2(0)7). Thus prompted us to investigate whether
the robust and specific induction of DNMT3 ALl at the protein
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Fig. 2 EtOH exposure increases Dnmit3a at transcript and protein levels
in primary MEFs. a Dnmi 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 Dnmi!, Dami3da, Dnmiibh, and Dnmiil
mBENA. Dumi3l transcripts could not be detected in MEFs {Aapola
et al. 2000). Results are shown as the average Dnmi mRNA
levels £ SEM over unstimulated cells in four independent experiments,
nommalized to B2m and cyelophilin levels. One-way ANOVA followed by
adjustment for multiple comparisons using Dunnett’s method was

level observed upon EtOH exposure in 1C11 neural progeni-
tors and WT MEFs (Figs. 1 and 2) would be mediated by ROS.

We ventied 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 CYP2E] by DAS, or combined inhi-
bition of ADH and CYP2E] 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 DNMT3AI
protem upregulation in [C11 progemtors (Fig. 4c). The pro-
tein level of DNMTI1 remained unchanged whatever the treat-
ment. To confirm that ROS were involved in the accumulation
of DNMT3A protein, we exposed 1C11 cells to H,0;
(100 uM, 16 h). We showed that H-0; treatment had no im-
pact on DNMTI1 expression but specifically increased
DNMT3A protein level, as did EtOH (Fig. 4d).

Interestingly, NADPH oxidase inhibition by DPI did not
prevent the increase in Dnmi3a transcript levels upon EtOH
exposure in 1C11 cells (Online Resource 1, Suppl. Fig. 6).
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performed: *p < 0.05, **p < 0.01, ¥*¥p < (LO0O1, ****p < 00001 vs.
0 h. b. Immunoblot analysis of DNMT protein levels in nuclear extracts
of pnmary MEFs treated with EtOH (430 mM) for 16 or 24 h (righr).
DNMT3L and DNMT3 A2 were not detected. The low DNMT3B signal/
background ratio prevented reliable quantification. HSC70 was used as
an intemal loading control. A representative immunoblot of three inde-
pendent experiments {leff parel) and quantification of the average
DNMT/HSCTO ratios + SEM over unstimulated cells (right panel) are
shown

This suggests that the reduction of DNMT3A protein level
observed atter NADPH oxidase inhibition in EtOH exposed
cells is not associated with decrease of Dnmiia mRNA.
EtOH-induced accumulation of DNMT3 A1 protein rather re-
flects ROS-dependent action at the level of Dnmit3a mRNA
translation or DNMT3A protein stability.

These data thus suggest that EtOH exposure, beyond mod-
ulating Drnmi3a 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

@ Springer
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EtOH on the expression of all members of the DNMT famuly
has been poorly explored at the mENA and protemn levels.
Because neural development 15 extremely sensitive to
stress, Including ethanol (Gratt et al. 2011), here we analyzed
the vanations in Dwumt transcript and DNMT protein levels,
induced by EtOH 1n the 1C11 cell line, a murine model of
committed neuronal progenmitors. We also took advantage of
pnmary MEFs derived from Hsfl and Hsf2 knockout mice, in
order to investigate the role of HSFs on DNMT expression.
Furst, we bring evidence that the ditferent DNMTs are not
affected 1in the same manner upon EtOH exposure.

'@ Springer

Fundamentally, de novo Dmmiia, Dnmi3ib, and Dnmi3f
mENA levels tend to increase both in 1C11 cells and n pri-
mary MEFs, while the amount of Dnmi/ transcripts remains
stable or 15 downregulated. Second, prolonged upregulation of
DNMT3A by ethanol 1s observed 1n both systems, despite

1C11 cells and MEFs display some cell-type difterences tor
the other DNMTs. The augmentation of DNMT3A n the nu-
cleus could potentally increase DNMT3A availability in the
cell for de novo DNA methylation.

In the case of MEFs, similar observations have been report-
ed for the downregulation of DNMTI levels, while inverse
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Fig. 4 DNMT3AI 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 pM 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-way ANOVA followed by adjustment for mul-
tiple comparisons using Sidak’s method was performed: *p < 0.035,
*¥p < 001, *¥%p < 0.001. b ROS levels in 1C11 cells treated with
EtOH (150 mM) for 4 h, in presence of 250 uM cyanimide (CYA,
5 mM DAS, 5 mM 4-MP, or 300 uM 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 DMS0O
of three to five independent experiments. Two-way ANOWVA followed by
Bontferroni post hoc test was performed: **p < 0.01. ¢ Immunoblot

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. immeortalized MEFs, as well as the different
kinetics that have been investigated, that is a series of time

b 1C11 + EtOH
Hrike
1.50 5 e
T = [ Oh EtOH
L — s Bl 4h EtOH
<]
= 1.26 -
L)
o
2 1.00 -
z
g 075 <
®
I:I.El]l = 1
E CYA DAS 4MP APOD
WB quantification
L] 15 L drid
R = [ n ' 3 DNMTY
ﬁ B DNAMT3AY
5 10{ & I
=
s
Z 05+
o
-
5
& 00 T T

CTRL Et+DMSD Et+ DM

WB quantification
K
20~
E L C DNMTY
B ONMT3A
= 1.5+
o
-
1.0 4
5
=
(=]
é 0.5 4
S 00 r T
CTRL H202

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 pM
DPI or the same volume of DMS0. HSC70 was used as an internal
loading control. A representative immunoblot of four independent exper-
iments (feft) and quantification of the average DNMT/HSCT0
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 H,O, (100 pM) for 16 h. HSC70 was
used as an internal loading control. A representative immunoblot of four
independent experiments (Jeff) and quantification of the average DNMT/
HSC70 ratios = SEM overunstimulated cells (#ig/it) are shown. Unpaired
{ test was performed: ***p < 0.001

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 Kdmd, Online
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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 Kdméa, whose elevation in
mRNA levels in response to alcohol exposure is dependent on
HSF1 {Online Resource 1, Suppl. Fig. 5). Of note, mutations in
Kdmb6a are linked to intellectual disabilities (Mivake et al.
20113). 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 Drmt and TET mENA 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 Dnmi3a transcripts, it appears that
the rise of Dnmi3a transcript depends on vet-to-be identified
redox-insensitive mechanisms. In contrast, the EtOH-induced
increase in DNMT3 A 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 Dnmis, 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
maodifications 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

ﬂ Springer

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 DNMT3 A redistribution and
leads to the deposition of DNA methylation “scars™ 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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LEGENDS OF SUPPLEMENTAL FIGURES

Supplemental Figure 1. EtOH exposure does not affect the viability and morphology of 1C11 cells

a. Absorbance (450 nm) of 1C11 cells grown in 96-well plates, treated with 300 mM EtOH for 16h or
24h, and incubated with the XTT assay solution. Absorbance is represented in arbitrary units and is
proportional to the amount of viable cells in the sample.

b. Phase contrast pictures of 1C11 cells in control conditions or treated with 300 mM EtOH for 8h

(scale bar: 20 um).

Supplemental Figure 2. Range of EtOH concentrations that activate the HSF pathway in 1C11 cells
a. HSF1 and HSF2 activity in unstressed and EtOH-treated 1C11 cells. Gel-shift analysis (EMSA) of
HSF1 and HSF2 DNA-binding activity in 1C11 cells in control conditions and exposure to 150 mM for
2h, 4h, 6h, or 8h or to 300 mM EtOH for 4h or 6h, or untreated (CTR). The presence of HSF1 or HSF2
in the HSF-HSE complex was analyzed by supershifting with anti-HSF1 (a1; arrowhead) or anti-HSF2
antibodies (a2). 1C11 control cells exhibit a low constitutive HSF1 activity. In response to EtOH
exposure, both HSF1 and HSF2 activities are increased by EtOH exposure as shown by supershifting
of the HSE-HSF complex by anti-HSF1 or disruption of the HSE-HSF complex by anti-HSF2 antibodies.
CHBA: constitutive HSE-binding activity, which is not carried by HSFs (Abravaya et al. 1991; Mosser et
al. 1988); ns: non-specific DNA-protein complex; free: unbound double-stranded HSE
oligonucleotide. Control human neuroblastoma cells SHSY-5Y heat-shocked SHSY-5Y and iMEFs were
used a positive control for HSF2 and HSF1 DNA-binding activity, respectively.

b. Hsp70 mRNA levels in 1C11 cells exposed to 150 mM or 300 mM EtOH for 2h, 4h, 6h, or 8h. RNA
preparations were assayed for Hsp70 mRNA. Results from RT-qPCR assays are shown as the average
Hsp70 mRNA level £ SEM over unstimulated cells in 3 independent experiments, normalized to hmbs
and Rpli3a 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 vs Oh.

¢. Immunoblot analysis of HSP70 protein levels in nuclear extracts of 1C11 cells treated with EtOH
(300 mM) for 8h or 16h. GAPDH was used as an internal loading control. A representative

immunoblot of 3 independent experiments is shown

Supplemental Figure 3. EtOH exposure increases Dnmt transcript levels in 1C11 neural precursors
a. Dnmt mRNA levels in 1C11 cells exposed to 150 mM of EtOH for 2h, 4h, 6h, and 8h. RNA
preparations were assayed by RT-qPCR for Dnmt1, Dnmt3a, Dnmt3b, Dnmt3] mRNAs. Results are

shown as the average Dnmt mRNA levels over unstimulated cells £ SEM in 3 independent
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experiments, normalized to hprtl and pgkl levels. One-way ANOVA followed by adjustment for
multiple comparisons using Dunnett’s method was performed: * p<0.05, *** p<0.001 vs Oh.

b. Comparison of Dnmt3al, Dnmt3a2, Dnmt3b and Dnmt3/ mRNA levels in 1C11 cells exposed to 300
mM EtOH for 8h. Cycles obtained from RT-gPCR analysis of a representative experiment were used

to estimate the relative abundance of the Dnmt transcripts.

Supplemental Figure 4. EtOH exposure augments Tetl, Tet2 and Tet3 transcript, but not protein
levels in 1C11 cells.

a. Tet mRNA levels in 1C11 cells exposed to 150 mM or 300 mM EtOH for 2h, 4h, 6h or 8h. RNA
preparations were assayed by RT-gPCR for Tet1, Tet2, Tet3 mRNA. Results are shown as the mean Tet
MRNA levels over unstimulated cells (ctrl) + SEM in 2 independent experiments, normalized against
hmbs and Rpl13a levels.

b. Immunoblot analysis of TET protein levels in nuclear extracts of 1C11 cells treated with EtOH (300
mM) for 8h, 16h or 24h. Beta-ACTIN was used as an internal loading control. A representative

immunoblot of 2 independent experiments is shown.

Supplemental Figure S5. mRNA levels of epigenetic factors in primary Hsf1"" and Hsf1”~ MEF
exposed to ethanol.

mRNA levels of epigenetic modifiers in primary Hsf1"" and Hsf1”" MEF exposed to 430 mM EtOH for
8h. RNA preparations were assayed by RT-qPCR for epigenetic enzymes, which were found among
the HSF1 or HSF2 targets in ChIP-seq analyses (see Online Resource 2, Suppl. Table 2). Results are
shown as the mean mRNA levels = SD over unstimulated WT cells of 2 independent experiments,
normalized to B2m and cyclophilin levels. The sole gene whose regulation is HSF-dependent is Kdmé6a
(n=5 for this gene). One-way ANOVA followed by adjustment for multiple comparisons using Sidak’s

method was performed: * p<0,05.

Supplemental Figure S6. The increase in Dnmt3a mRNA levels upon EtOH treatment is not
abolished by inhibition of NADPH oxidase.

a. Dnmt3a mRNA levels in 1C11 cells exposed to 300 mM EtOH for 6h, in the presence of DMSO or 4
UM DPI. RNA preparations were assayed by RT-qPCR for Dnmt3a mRNA. Results are shown as the
average Dnmt mRNA levels £ SEM over unstimulated cells in 4 independent experiments, normalized
to hprtl and rpl13a levels. One-way ANOVA followed by adjustment for multiple comparisons using
Sidak’s method was performed: *** p<0,001.

b. Immunoblot analysis of DNMT3A1, AKT, and phospho-Serine473-AKT levels in nuclear extracts of
WT MEFs exposed or not to EtOH for 16h or 24h at 430 mM.
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¢. Immunoblot analysis of AKT, and phospho-Serine473-AKT levels in total extracts of 1C11 cells

exposed or not to EtOH for 16 h at 300 mM.
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SUPPLEMENTARY INFORMATION

Supplementary Materials and Methods

Electrophoretic mobility shift assay

Whole cell extracts were prepared as previously described (Mezger et al. 1989) and incubated with a
(32P)-labeled HSE oligonucleotide (5’-CTAGAACGTTCTAGAAGCTTCGAGA-3’). Complexes were
separated on a native 4% gel polyacrylamide gel as described (Rallu et al. 1997). The components of
the retarded complexes were analyzed by supershift using antibodies against HSF1 (Ab4 Neomarker;
1:150 final dilution) or HSF2 (rabbit polyclonal H57; kind gift from Lea Sistonen Lab; 1:100 final

dilution).

References related to supplemental information

Abravaya K, Phillips B, Morimoto RI (1991) Attenuation of the heat shock response in Hela cells is
mediated by the release of bound heat shock transcription factor and is modulated by
changes in growth and in heat shock temperatures. Genes Dev 5:2117-2127.

Charos AE, Reed BD, Raha D, et al (2012) A highly integrated and complex PPARGC1A transcription
factor binding network in HepG2 cells. Genome Res 22:1668-1679. doi:
10.1101/gr.127761.111

Mendillo ML, Santagata S, Koeva M, et al (2012) HSF1 drives a transcriptional program distinct from
heat shock to support highly malignant human cancers. Cell 150:549-562. doi:
10.1016/j.cell.2012.06.031

Mezger V, Bensaude O, Morange M (1989) Unusual levels of heat shock element-binding activity in
embryonal carcinoma cells. Mol Cell Biol 9:3888-3896.

Mosser DD, Theodorakis NG, Morimoto Rl (1988) Coordinate changes in heat shock element-binding
activity and HSP70 gene transcription rates in human cells. Mol Cell Biol 8:4736—4744.

Rallu M, Loones M, Lallemand Y, et al (1997) Function and regulation of heat shock factor 2 during
mouse embryogenesis. Proc Natl Acad Sci U S A 94:2392-2397.

Vihervaara A, Sergelius C, Vasara J, et al (2013) Transcriptional response to stress in the dynamic
chromatin environment of cycling and mitotic cells. Proc Natl Acad Sci U S A 110:E3388—
3397. doi: 10.1073/pnas.1305275110
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Supplementary Table 1. Primers used for RT-qPCR experiments

Primer - F Primer - R
Epigenetic actors
DNA methylation
Dnmt1 CGTTGTGGTGGATGACAAGA GAACCAGGACAGTGGCTCT
Dnmt3a GTGCAGAAACATCGAGGACA ATGCCTCCAATGAAGAGTGG
Dnmt3b ACAACCGTCCATTCTTCTGG GTGAGCAGCAGACACCTTGA
Dnmt3l CTGCTGACTGAGGATGACCA ACCCGCATAGCATTCTGGTA
DNA demethylation
Tet1 AACTGGCTTCCTGTCAGGTG TCGGCGTAGATCTCCTCACT
Tet2 TGCCTCCAGATCACCATACA TGCCGTGTAGCTGTAGATCG
Tet3 CTTGCCAGGCTTTGTCTAGC TTGACTGGTCCCAGCCTAAC
Histone/Lysine acetylation
Ncoa3 GGCAGGCACTTGAAATGAAA GCCATTTGGGCATTAAAGAA
Histone/Lysine deacetylation
Hdac4 CACACCTCTTGGAGGGTACAA GATGGCTGTCAGGTCATGG
Hdac5 GTGACACGGTGTGGAATGAG CCGGATGATAGCAAATCCAT
Hdac7 GAGGCCTGTGTAGCTGCTCT GGCACTGAGGTTGGGTTTCT
Hdac9 CCTGCCCAATATCACTCTGG GCATCTGTGTCTCGCACTTC
Hdaci1 TCATGGGTGACAAGCGAGTA CCTGATGGCCTCTTTAGCAA
Histone/Lysine methylation
Dot1l CAACTGTTGCTGGCCTCTTT GTGATCTCCAGTGGCTGGTT
Ehmt1 ATTGACGCTCGGTTCTATGG AATCAGGCGGGTACTGAAGA
Prmt2 CACCACACACTGGAAGCAGA AACAGAACCCGTGACCACAT
Prmt3 GAAGAAGTGAGTCTTCCTGTGGA GGACAGAATCCAACATCGACT
Setd5 GAGTCCCATCTGCTCCTCAG CCCACCAGAATTCTCCTTAGC
Histone demethylation
Jarid2 CAAAGCAACCACCAACAATG TTCTCCCGTGCTGACCTACT
Jmjdé TGACCTCCAGGAGTCCACA TCTGAGTCCGAGTCTGACGA
Kdmla GGCCATTCTCAAAGGGATTT GGATCCTGCAGCCACATAAG
Kdm3a TGAGAAAGCGCCTCTATCAAG GCTCCTGCTGGGATAAACAC
Kdm4b GATGACTGGCCCTATGTGGT GCGATAGTAGAGCCCATTGC
Kdmé6a TTGTAGTATTTGTGAGGTGGAGGT GTGCACAATCTTGGCAATGT
Kdmé6b AAGAGCTGGTGCTGAGCAAG GGCTGCCATTCTCACTTGTA
Kdm8 GGGCTCAAGGTACACAGATGA AAGAGCTGGTGCTGAGCAAG
Smyd3 GGAGGTTCAAGAGTCGCTGA CCGGTTGGAATTGCTGTTTA
Heat Shock Pathway
Reference genes
B2m AGAATGGGAAGCCGAACATA CGTTCTTCAGCATTTGGATT
Cyclophilin TGCCATCCAGCCAGGAGGTC CCATCGTGTCATCAAGGACTT
Hmbs GCTGAAAGGGCTTTTCTGAG TGCCCATCTTTCATCACTGT
Hprt1 3’ TGTCAGTTGCTGCGTCCCCAGA TCTACCAGAGGGTAGGCTGGCC
Hprtl 5’ GCCATTGCTGAGGCGGCGAG CCGGCGGAGGAGGTGCTACC
Pgk1 ACCTGCTGGCTGGATGGGCT CTCGACCCACAGCCTCGGCA
Rpl13a CGGATGGTGGTCCCTGCTG GAGTGGCTGTCACTGCCTGG
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Supplementary Table 2. Enzymes involved in epigenetic mechanisms, whose genes are potential
HSF targets, identified in HSF1 and HSF2 ChiP seq data.

Symbol

RefSeq

Description

[ Wendio

DNA methylation

HSF-ChIP-Seq

Charos

Vihervaara

Dnmtl NM_010066 DNA methyltransferase 1 + +
Dnmt3a NM_007872 DNA methyltransferase 3A +
Dnmt3b NM_010068 DNA methyltransferase 3B + + +
Dnmt3lI NM_001081695.2 DNA methyltransferase 3-like + +
DNA hydroxymethylation
Tetl NM_001253857.1 | Ten-eleven-translocation-methylcytosine
dioxygenase 1
Tet2 NM_001040400.2 | Ten-eleven-translocation-methylcytosine
dioxygenase 2
Tet3 NM_183138.2 Ten-eleven-translocation-methylcytosine +
dioxygenase 3
Histone/Lysine acetylation
Atf2 NM_009715 Activation transcription factor 2
Cdyl NM_009881 Chromodomain protein, Y chromosome-
like
Csrp2bp NM_181417 Cysteine and glycine-rich protein 2 +
binding protein
Escol NM_001081222 Establishment of cohesion homolog 1 (S. +
cerevisiae)
Esco2 NM_028039 Establishment of cohesion homolog 2 (S.
cerevisiae)
Kat2A (GCN5) NM_020004 K(lysine) acetyltransferase 2A +
Kat7 (Myst2) NM_177619 MYST histone acetyltransferase 2 +
Kat8 (Myst1) NM_026370 MYST histone acetyltransferase 1
Ncoa3 NM_008679 Nuclear receptor coactivator 3 + +

Histone/Lysine deacetylation

Hdac2 NM_008229 Histone deacetylase 2 +

Hdac4 NM_207225 Histone deacetylase 4 +

Hdac5 NM_010412 Histone deacetylase 5 + +

Hdac7 NM_019572 Histone deacetylase 7 +
Hdac8 NM_027382 Histone deacetylase 8

Hdac9 NM_024124 Histone deacetylase 9 il i
Hdacl1l NM_144919 Histone deacetylase 11 +

Histone/Lysine methylation

Carml NM_021531 Coactivator-associated arginine
methyltransferase 1
Kmtlb NM_011514 Suppressor of variegation 3-9 homolog 1
(Suv39h1) (Drosophila)
Kmtlc NM_145830 Euchromatin histone N-
(Ehmt2, G9A) methyltransferase 2
Kmtld NM_172545 Euchromatin histone methyltransferase + +
(Ehmt1, GLP) 1
Kmtle (Setdbl) | NM_018877 SET domain, Bifurcated 1
Kmt1f (Setdb2) NM_001081024 SET domain, Bifurcated 2
Kmt2a (MLL) NM_005933 myeloid/lymphoid or mixed-lineage +
leukemia
(Kmt2c) MII3 NM_001081383 myeloid/lymphoid or mixed-lineage +
leukemia 3
(Kmt2e) MII5 XM_893956 myeloid/lymphoid or mixed-lineage +
leukemia 5
Kmt3a (Setd2) NM_001081340 SET domain containing 2 +

Kmt3b (Nsd1)

NM_008739

Nuclear Receptor Binding SET Domain
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Protein 1

Ktm3g NM_001081102 Wolf-Hirshhom syndrome candidate 1 +

(Whsc1, NSD2) (human)

Ktm4 NM_199322 DOT1-like Histone H3 methyltransferase +

(Dot1l) (S. cerevisiae)

Mt NM_022328.2 myeloid/lymphoid or mixed-lineage +
leukemia; translocated to, 1

Mlit4 NM_010806.13 myeloid/lymphoid or mixed-lineage +
leukemia; translocated to, 4

MIIt6 NM_139311.2 myeloid/lymphoid or mixed-lineage +
leukemia; translocated to, 6

Prmtl NM_019830 Protein arginine N-methyltransferase 1

Prmt2 NM_133182 Protein arginine N-methyltransferase 2

Prmt3 NM_133740 Protein arginine N-methyltransferase 3

Prmt5 NM_013768 Protein arginine N-methyltransferase 5

Setd4 NM_145482 SET domain containing 4 +

Setd5 NM_028385 SET domain containing 5 +

(KIAA1757)

Setd6 NM_001035123 SET domain containing 6

Setd7 NM_080793 SET domain containing (lysine +
methyltransferase) 7

Smyd1 NM_009762 SET and MYND domain containing 1

Smyd3 NM_027188 SET and MYND domain containing 3

Ktm5b NM_144871 Suppressor of variegation 4-20 homolog

(Suv4-20h1) 1 (Drosophila)

Histone/Lysine demethylation

Kdm1la (AOF2, NM_133872 Lysine (K)-specific demethylase 1 +
KDM1, LSD1,

BHC110)

Kdméc NM_144787 Lysine (K)-specific demethylase 4C +
(JHDM3C,

JMID2C,

TDRD14C)

Kdm5b NM_152895 Lysine (K)-specific demethylase 5B +
(JARID1B)

Kdm8 (JMJD5) NM_029842.5 Lysine (K)-specific demethylase 8 +
Jarid2 (JMJ) NM_001205043.1 | Jumoniji, AT rich interactive domain 2 +
Kdme6a (UTX) NM_009483.1 Lysine (K)-specific demethylase 6A +
Kdm4b NM_172132.2 Lysine (K)-specific demethylase 4B +
(JMJD2B,

TDRD14B)

Kdm3a NM_001038695.3 | Lysine (K)-specific demethylase 3A +
(JHDM2A,

JHMD2A,

JMJD1,JMID1A

Kdm3b NM_001081256.1 | Lysine (K)-specific demethylase 3B +
(JMJD1B)

Jmjdlc NM_001242396.1 | Lysine (K)-specific demethylase 1C +
Jmjd4 NM_001205068.1 | Lysine (K)-specific demethylase 4

Kdm5a NM_145997.2 Lysine (K)-specific demethylase 5A +
(JARID1A)

Kdm6b (JMID3)

NM_001017426

KDM1 Lysine (K)-specific demethylase 6B

Enzymes involved in chromatin remodeling that were found among the HSF1 or HSF2 targets
identified in ChIP-seq analyses from Charos et al. (2012), Mendillo et al. (2012), and Vihervaara et al.
(2013). A plus indicates that the gene is bound by HSFs. The genes chosen for gPCR analysis are
present in at least two ChIP-seq analyses and are highlighted in yellow.
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