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Abstract

Fetal alcohol spectrum disorder (FASD) is a frequent cause of
mental retardation. However, the molecular mechanisms underly-
ing brain development defects induced by maternal alcohol
consumption during pregnancy are unclear. We used normal and
Hsf2-deficient mice and cell systems to uncover a pivotal role for
heat shock factor 2 (HSF2) in radial neuronal migration defects
in the cortex, a hallmark of fetal alcohol exposure. Upon fetal
alcohol exposure, HSF2 is essential for the triggering of HSF1
activation, which is accompanied by distinctive post-translational
modifications, and HSF2 steers the formation of atypical alcohol-
specific HSF1-HSF2 heterocomplexes. This perturbs the in vivo
binding of HSF2 to heat shock elements (HSEs) in genes that control
neuronal migration in normal conditions, such as p35 or the MAPs
(microtubule-associated proteins, such as Dclkl and Dcx), and
alters their expression. In the absence of HSF2, migration defects
as well as alterations in gene expression are reduced. Thus, HSF2,
as a sensor for alcohol stress in the fetal brain, acts as a mediator
of the neuronal migration defects associated with FASD.
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Introduction

Fetal alcohol spectrum disorders (FASD) are caused by maternal
consumption of alcohol during pregnancy and are the most frequent
cause of non-genetic birth defects and mental retardation (Lemoine
et al, 1968; Jones & Smith, 1973). The most severe clinical manifes-
tations, referred to as fetal alcohol syndrome (FAS), include dysmor-
phic facial features, intrauterine growth defects, and brain lesions
(reviewed in Gressens et al, 2001; Clarke & Gibbard, 2003). Children
with more moderate phenotypes along the FASD continuum repre-
sent a real diagnostic challenge, with an estimated incidence of 1
per 100 live births in Western countries. Prenatal exposure to alco-
hol can affect fetal brain development at any point of gestation.
Postmortem brains of FAS infants show reduced brain weight,
disturbances in horizontal cortical lamination, neuronal ectopias,
and/or a reduced thickness of the cortical mantle (Gressens et al,
2001; Clarke & Gibbard, 2003; Gibbard et al, 2003; Thompson et al,
2009; Valenzuela et al, 2012). Fetal alcohol exposure affects many
aspects of brain cortical development, including the proliferation of
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neural progenitors and radial neuronal migration (Gressens et al,
2001; Zhou et al, 2001; Santillano et al, 2005; Rubert et al, 2006).
However, the molecular mechanisms that trigger these alterations
remain unknown.

Heat shock factors (HSF) were discovered as sensors and regula-
tors of the cellular response to environmental proteotoxic stress
(reviewed in Akerfelt et al, 2010). These stressors include heat
shock (HS), exposure to amino acid analogs, ethanol (EtOH), oxida-
tive stress, heavy metals and pathophysiological situations, for
example, fever, aging, or neuronal injuries. The heat shock response
(HSR) in mammals is characterized by the transient activation of
the latent transcription factor HSF1, which binds conserved heat
shock elements (HSEs) within the regulatory region of heat shock
genes (Hsp) and drives their transcription. Of the four HSFs (HSF1-4)
that bind HSEs in mammals, HSF1 and HSF2 are co-expressed in
many tissues and cell systems, including the brain (where HSF4 is
not expressed, Abane & Mezger, 2010), and have received the most
attention. HSF1 is the dominant HSF responsible for the HSR and
cannot be replaced by any other HSF in mice or model cell systems.
HSF?2 is ineffective in triggering the HSR on its own and is quickly
degraded by HS itself in cell models (Sarge et al, 1993; Sistonen
et al, 1994; Ahlskog et al, 2010). However, HSF2 acts as a transient
fine-tuner of the HSR through physical and functional interactions
with HSF1, modulating the HSF1-dependent expression of Hsp genes
either positively or negatively (He et al, 2003; Loison et al, 2006;
Ostling et al, 2007; Sandqvist et al, 2009).

In addition to their function in stress responses, HSFs also play
critical roles in normal development (Abane & Mezger, 2010). Basal
levels of HSF2 in the developing brain and in neural progenitors and
migrating neurons are high. In particular, HSF2 influences brain
cortical development through HSE-containing target genes that are
distinct from Hsp genes (Rallu et al, 1997; Kallio et al, 2002; Wang
et al, 2003). During mammalian corticogenesis, post-mitotic
neurons are generated from dividing neural progenitors in the inner-
most part of the developing cortex (the ventricular zone, VZ), from
which they migrate radially to more external positions. Radial
neuronal migration results in the formation of a six-layer cortex
(reviewed in Ayala et al, 2007). Among the actors that control this
process, the signaling pathway of Cdk5, a kinase under the control
of two activators, p35 and p39, is essential for neuronal migration.
A number of genes that are involved in radial neuronal migration,
such as those encoding some microtubule-associated proteins
(MAPs) such as Dcx (Doublecortin) and its homolog Dclkl
(Doublecortin-like kinase 1), play crucial roles in corticogenesis in
humans, and their mutations can cause devastating pathologies, the
type I lissencephalies (Francis et al, 2006; Ayala et al, 2007;
Wynshaw-Boris, 2007; Reiner & Sapir, 2009; Alkuraya et al, 2011).

We have previously shown that HSF2 influences radial neuronal
migration by modulating the expression of p35 and p39, thereby
fine-tuning the activity of Cdk5 (Chang et al, 2006). Since compo-
nents of the HSR are induced ex vivo in rodent postnatal neurons or
human fetal cortices by acute alcohol exposure (Pignataro et al,
2007; Hashimoto-Torii et al, 2011), as well as in vivo upon prenatal
alcohol exposure (Hashimoto-Torii et al, 2014), we asked whether
chronic alcohol exposure could affect HSF activity in developing
neural tissue. We show that HSF1 and HSF2 are both activated by
chronic prenatal alcohol exposure in the cortex in vivo, thereby
leading to disturbances in the expression of HSF2 target genes that
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control proliferation and/or migration. Furthermore, using cellular
and FAS mouse models, we uncover a prominent role for HSF2 in
the developing cortex in response to alcohol, wherein HSF2 is essen-
tial for HSF1 activation upon EtOH exposure and drives the forma-
tion of EtOH-specific HSF1-HSF2 heterotrimers with a distinctive
HSF1 post-translational modification profile. These alterations in the
activities of HSF1 and HSF2 perturb the expression of p35 and MAP
genes, including Dcx and Dclkl, that control radial neuronal migra-
tion. Accordingly, both neuronal positioning abnormalities and
abnormal p35 and MAP gene expression elicited by alcohol expo-
sure are less severe in the absence of HSF2. This indicates that
HSF2, which fine-tunes radial neuronal migration under normal
conditions, mediates defects that are characteristic of FAS, upon
fetal alcohol exposure.

Results
Choice of FAS paradigm

We tested three protocols of chronic fetal alcohol exposure that
induce FAS-like brain defects in rodent fetuses (Gressens et al,
1992; Ikonomidou et al, 2000; Olney et al, 2002; Carloni et al, 2004;
leraci et al, 2006, 2007)—chronic intraperitoneal injections (CIP),
chronic alcohol intoxication with alcohol-containing food (CAI), and
daily gavage (GAV)—to ascertain that they affected neuronal migra-
tion/positioning at stages that normally exhibit HSF2-dependent
radial neuronal migration (E15.5 to E18.5; Chang et al, 2006). All
three paradigms affected BrdU incorporation in the germinal zones
at E16.5 to a similar extent (Supplementary Fig S1A). In addition, in
CAl, the protocol that causes the least handling stress to the dams
(Gressens et al, 1992), neuronal positioning in fetal cortices, as
indicated by BrdU birth-dating experiments, confirmed that radial
neuronal migration was compromised (Fig 1A). We therefore used
this paradigm for most subsequent experiments.

Fetal alcohol exposure leads to HSF1 activation and keeps HSF2
active in the fetal cortex

We then asked whether the HSFs were activated by EtOH exposure
in fetal cortices in vivo. We verified that HSF1 is present throughout
brain development (Supplementary Fig S1B). In control conditions,
cortical extracts from E15.5 showed constitutive HSE-binding activ-
ity in gel-shift assays (Fig 1B) that was supershifted by anti-HSF2
antibodies (white arrowhead and blue curves) but not by anti-HSF1
antibodies, demonstrating that HSF2 is the main contributor to this
activity and that HSF1 is mostly inactive for HSE binding under
control conditions. These results are in accordance with our
previous findings (Rallu et al, 1997; Chang et al, 20006). In contrast
to control conditions, CAI induced HSF1 DNA-binding activity, as
detected by the supershifting of the HSE-HSF complex by anti-HSF1
antibodies (Fig 1B; black arrowheads and red curves). Moreover,
CAI increased the nuclear localization of HSF1 in the cortical plate
(Supplementary Fig S2A and B) and the nuclear amount of HSF1
phosphorylated on residue Ser326, a hallmark of its activation
(Supplementary Fig S2C; Guettouche et al, 2005). HSF1-binding
activity was also induced by CIP (in line with Hashimoto-Torii et al,
2014) or daily gavage (Supplementary Fig S1D). Strikingly, although
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we expected that HSF2 would be inactivated by chronic EtOH expo-
sure as for classic HS (Sarge et al, 1993; Ahlskog et al, 2010), HSF2
was seen to be bound to HSE under these conditions, as was HSF1
(CAIL: Fig 1B, white arrowheads and blue curves; GAV and CIP:
Supplementary Fig S1D). We then confirmed the concomitant pres-
ence of HSF1 and HSF2 DNA-binding activities in fetal cortices after
CAI by chromatin immunoprecipitation (ChIP) experiments: both
HSF1 and HSF2 occupied the promoters of the typical heat shock
genes Hsp70 and Hsp90 in embryonic cortices after CAI (Fig 1C). In
addition, quantitative RT-qPCR experiments demonstrated that this
in vivo binding was accompanied by a significant induction of
Hsp70 and Hsp90 transcription (1.78 and 1.70 fold, respectively;
P < 0.005; n = 8; Fig 1D).

Thus, chronic alcohol exposure changes HSF DNA-binding activi-
ties in the fetal cortex by maintaining that of HSF2 and inducing that
of HSF1 and consequently leads to the transcriptional induction of
Hsp genes. The increase in transcription was, however, lower than
upon typical HS, in line with data from mouse and human fetal
cortices exposed to alcohol ex vivo (Hashimoto-Torii et al, 2011;
Hashimoto-Torii et al, 2014).

CAl perturbs HSF2 binding to genes involved in neuronal
migration and their expression

We next tested whether these changes in HSF-binding activities in
fetal cortices upon CAI could deregulate HSF2 target genes impor-
tant for radial neuronal migration, such as p35 (Chang et al, 2006),
and thus impact radial neuronal migration.

We began by searching for HSEs in genes involved in the control
of radial neuronal migration (Ayala et al, 2007). We identified HSEs
that were conserved among species in the Dcx and Dclkl genes by
bioinformatic analyses using Genomatix software (Supplementary
Fig S3).

Next, we showed using ChIP that the HSEs identified in Dclk1
and Dcx were bound in vivo by HSF2 in control E16.5 fetal
cortices, as previously shown for p35 (Fig 2A; Chang et al, 2006).
However, under CAI conditions, we observed two distinct situa-
tions; (i) In the case of p35, neither HSF1 nor HSF2 was bound
to the HSE (Fig 2A, left panel, red plots; Chang et al, 2006), as
for Dcx, in a lesser extend (reduction in HSF2 and no HSF1
enrichment on the HSE; Fig 2A, right panel, green plots); (ii) but
both HSF1 and HSF2 occupied the HSEs of Dclkl (Fig 2A, left
panel, green plots).

We then investigated whether the switch in the occupancy of
HSEs by the HSFs under CAI conditions resulted in perturbations in
the expression of HSF2 target genes. Interestingly, in independent
gRT-PCR experiments (n = 8 litters; P < 0.01), we observed a signif-
icant downregulation by CAI of Dclkl gene expression in E16.5
cortices (Fig 2B), even though both HSF1 and HSF2 were found to
bind to the Dclkl HSE in ChIP experiments. This was not
unexpected, given the fact that HSF1 and HSF2 can also negatively
regulate genes (Ostling et al, 2007; Mendillo et al, 2012). In keeping
with the CAl-induced reduction of HSF2 binding and HSF1 binding
to the p35 and Dcx HSE, the levels of the mRNA for these genes
were also reduced (Fig 2B). In case of p35, this reduction in mRNA
levels resembled that observed in the fetal cortices of Hsf2 knockout
mice (Chang et al, 2006), an observation that we also made regard-
ing its protein levels (Supplementary Fig S4).

© 2014 The Authors
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Fetal alcohol exposure thus disturbs the expression of genes
important for cortical neuronal migration, possibly explaining the
radial migration defects seen in FAS. Our data also suggest that
these defects could be mediated by changes in the activities of HSF1
and HSF2, and their potential interplay.

Alcohol induces persistent activity and post-translational
modifications of HSF1

We have shown above that HSF1 displayed strikingly persistent
DNA-binding activity in fetal cortices upon chronic alcohol
exposure, as shown by both gel-shift assays and ChIP experiments
(Figs 1B and C, 2A). This is unexpected because, even in the case of
prolonged HS, heat-induced HSF1 activation is transient (Kline &
Morimoto, 1997). Such persistent HSF1 DNA-binding activity could
mediate EtOH-induced disturbances in the expression of genes
involved in migration. To investigate this possibility, we used two
cellular models: the neuroblastoma cell line Neuro2A (N2A) as a
model of neural cells, because it displays constitutive HSF2-binding
activity under normal conditions, similar to fetal cortices, and
immortalized mouse embryonic fibroblasts (iMEFs). In both iMEFs
(Supplementary Fig S5A) and N2A cells (Supplementary Fig S6A),
we observed that EtOH exposure induced HSF1 and HSF2 DNA-
binding activity, as it did in the fetal cortex. In addition, prolonged
EtOH exposure led to persistent HSF1 DNA-binding activity ex vivo
in these cells (Supplementary Figs S5D, E and S6A), as in fetal
cortices chronically exposed to alcohol (Fig 1B and C; see also
Hashimoto-Torii et al, 2014). A moderate but prolonged increase in
HSF transcriptional activity was observed using Hsp70-Luciferase
reporter assays in N2A cells, in contrast to the potent but transient
induction characteristic of HS (Supplementary Fig S6B). We also
observed a moderate but reproducible induction of Hsp70 and
Hsp90 mRNA levels in N2A cells (2-4-fold; Supplementary Fig S6C)
as it was in iMEFs (Supplementary Fig S5F) and fetal cortices upon
CAI (Fig 1D).

We next analyzed whether post-translational modifications
(PTMs) that accompany heat-induced HSF1 activation and are
involved in the attenuation of its DNA-binding and transcriptional
abilities, such as HSF1 acetylation (Westerheide et al, 2009;
Raychaudhuri et al, 2014), are operational in these cell models. We
detected an increased (1.8-fold at 3 h) and prolonged acetylation of
HSF1 in N2A cells exposed to HS and during recovery (Fig 3A). In
contrast, EtOH provoked a marked decrease in HSF1 acetylation
upon long-term exposure (0.6-fold at 3 h; Fig 3A). The incubation
of N2A cells with TSA (an inhibitor of class I/II histone deacetylases
(HDACs)) or with NAM (an inhibitor of class III HDACs, also known
as sirtuins) restored HSF1 acetylation after EtOH treatment (Fig 3B).
These results suggest that HDACs might keep HSF1 deacetylated
and competent for DNA binding even during prolonged EtOH expo-
sure. In line with this observation, a transient increase in HDAC1
and sirtuin 1 (SIRT1) levels was observed upon EtOH exposure
(Supplementary Fig S6D). We detected a constitutive level of HSF1
acetylation in non-stressed N2A cells (Fig 3A and B), which might
correspond to basal constitutive HSF1 DNA-binding activity in
N2A cells (Supplementary Fig S6A) (Westerheide et al, 2009;
Raychaudhuri et al, 2014).

The heat-induced transcriptional activity of HSF1 is controlled by
phosphorylation and sumoylation. The classic HS-induced hyper-
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phosphorylation of HSF1 is typically characterized by a shift in the
mobility of HSF1 protein in SDS-PAGE (Sarge et al, 1993; Supple-
mentary Fig S6E) and potentially associated with its inactivation
(see Discussion). EtOH exposure did not induce HSF1 hyperphosph-
orylation in N2A cells, in contrast to HS in N2A cells (Fig 3A, aster-
isk) and iMEFs (Fig 3C, asterisk). Similarly, the shift typical of HSF1
hyperphosphorylation was not detected in fetal cortices upon CAI
(Fig 3D, lower panel). Thus, hyperphosphorylation events that
accompany HSF1 activation by HS are lacking upon EtOH exposure
in vivo and ex vivo.

The sumoylation of HSF1 by SUMO-1, which is dependent on its
phosphorylation at Ser303/307, is a mark of its activation and
provides buffering capacity by repressing its transactivational activ-
ity (Hietakangas et al, 2003). We detected an increase in HSF1
sumoylation in E15.5 and E17.5 cortices upon CAI, as indicated by
the very slow migrating form (around 175 kDa) detected with an
anti-SUMO-1 antibody after HSF1 immunoprecipitation (Fig 3D,
upper panel). In N2A cells, moderate HSF1 sumoylation was induced
by EtOH, but notably less than by HS (1.7 x less at 30 min and 2.0 x
less at 1 h; Fig 3E). Consistent with these results, the phosphoryla-
tion of HSF1 on Ser303/307 in iMEFs and N2A cells upon EtOH expo-
sure was limited compared to that induced by HS (Supplementary
Fig S6E and F). Furthermore, we observed delayed but persistent
HSF1 and SUMO-1 colocalization upon EtOH exposure in the nuclear
stress bodies typical of human cells (nSBs; Supplementary Fig S7;
Sarge et al, 1993; Jolly et al, 1999; Hietakangas et al, 2003).

Altogether, these results show that EtOH exposure triggers HSF1
activation in a manner distinct from that induced by HS, via a
specific pattern of post-translational modifications: reduced acetyla-
tion, lack of hyperphosphorylation, and reduced (or delayed) but
prolonged sumoylation. This EtOH-induced signature is compatible
with the persistent and modest activation of HSF1 (as deduced by
its DNA-binding and transcriptional abilities), and, importantly,
likely sustains the potential role of HSF1 in the fetal cortex subjected
to chronic alcohol exposure.

HSF2 causes neuron migration defects in FAS models

Rachid El Fatimy et al

Alcohol induces specific HSF1-HSF2 interactions

An important observation made above was that HSF2 activity was
also sustained following EtOH exposure (Fig 1B and C and Supple-
mentary Fig S6A). In ChIP experiments, we observed that CAI trig-
gered the binding of both HSF1 and HSF2 to the HSEs of target
genes that could only be occupied by one trimer (Fig 2A and
Supplementary Fig S3). This could have resulted from the binding
of HSF1 to a given HSE in some cells of the fetal cortex while HSF2
bound the same HSE in other cells, or alternatively, by the binding
of both HSF1 and HSF2 to the HSE under consideration in the same
cell. We observed that chronic FAE in cortices in utero, as well as ex
vivo alcohol exposure of various cell systems activated both HSF1
and HSF2, as assessed by total supershifting of the HSF-HSE
complex by either anti-HSF1 or anti-HSF2 antibodies in gel-shift
assays, using a HSE probe that could bind only one trimer (Fig 1B,
Supplementary Figs S5A, S6A and S8). Using this, we observed that
in fetal cortices exposed to CAI in utero, as well as in various cell
systems exposed to alcohol ex vivo (including F9 embryonic carci-
noma cells, in which, as in the developing cortex, HSF2 displays
high constitutive DNA-binding activity, but HSF1 does not; Rallu
et al, 1997; Supplementary Fig S8), both HSF1 and HSF2 were acti-
vated, as assessed by the virtually complete supershifting of the
HSF-HSE complex by either anti-HSF1 or anti-HSF2 antibodies in
gel-shift. In addition, another gene involved in neuronal migration,
Ndel, possesses one HSE that can accept only one trimer and is
bound by HSF1 and HSF2 (Supplementary Fig S8C). This also
suggests that HSF1 and HSF2 form part of the same HSF-HSE
complex and that their potential effects on HSF2 target genes might
be exerted by heterotrimers (see Fig 4A for a working model).

We therefore analyzed the oligomeric status of HSF2 and HSF1
upon alcohol exposure by chemical cross-linking with EGS, followed
by Western blotting. Trimers clearly appeared as a major oligomeric
species upon HS or EtOH treatments (Supplementary Fig S9A and
B). Importantly, the presence of both HSF1 and HSF2 in alcohol-

Figure 1. HSF2 remains active and HSF1 is activated in vivo by fetal alcohol exposure in the developing brain.

A CAl disturbs neuronal positioning in the outer cortical layers (I-111). (Left) BrdU-labeled cells (BrdU injection at E16.5 and neuronal positioning examined at PO) in fetal
cortices from embryos of pregnant dams chronically intoxicated with food containing EtOH ad libitum (CAI), per 0.05 mm? (n = 5 sections from five different
individuals for each conditions; upper panel; P = 0.0004 for layers I-lIl and P = 0.0006 for layers IV-VI) or per 100 cells (lower panel; P = 0.01 and P = 0.05).
Superficial layers, I-11I; deep layers, IV-VI; *P < 0.05; **P < 0.01; ***P < 0.001. Differences were considered statistically significant when P-values were < 0.05,
using unpaired two-way Student’s t-test. Data are presented as mean £ SEM (Right) representative images corresponding to panels on the left. Gz, germinal zones;
iz, intermediate zone; IV-VI and I-1l, deep and superficial layers, respectively. Scale bars: 10 uM.

B Fetal cortices exposed to alcohol display both HSF1 and HSF2 DNA-binding activities. Gel-shift analysis of HSF1 and HSF2 DNA-binding activity in cortices at E15.5.
(Left) The presence of HSF1 and/or HSF2 in the HSF-HSE complex analyzed by supershifting (arrowhead) with anti-HSF1 (o1; black arrowhead) or anti-HSF2
antibodies (o2; white arrowhead). HSF-HSE: HSF-HSE complexes. CHBA: constitutive HSE-binding activity, which is not carried by HSFs and is very variable from one
sample or condition to another (Mosser et al, 1988; Abravaya et al, 1991); NS, non-specific DNA—protein complex; free: unbound HSE oligonucleotides. Each lane
corresponds to three pooled cortices. (right) Quantification of the intensity and supershifting of HSF-HSE complexes.

C HSF1 and HSF2 occupy the Hsp70 and Hsp90 gene promoter region upon CAl in vivo. ChIP experiments in fetal cortices from control (C) or chronically intoxicated
dams with EtOH (CAl). The occupancy of Hsp70 and Hsp90 gene promoter regions by HSF1 or HSF2, was quantified by quantitative PCR analysis by ratio of the ChIP
signal versus input signal. Gapdh was used as a negative control. Quantification was carried out in cortices from n = 6 independent litters for CAland n = 3
independent litters for controls. Hatched bars: ChIP with anti-HSF2. Solid bars: ChIP with anti-HSF1. P-values: **P < 0.01. For Hsp70: P = 0.001482 for HSF1
enrichment in CAl compared to CTR and P = 0.000686 for HSF2. P-values for Hsp90: P = 0.001517 for HSF1 enrichment in CAl compared to CTR and P = 0.000338 for
HSF2. No significant P-values for Gapdh: P = 0.176985 for HSF1 enrichment in CAl compared to CTR and P = 0.195512 for HSF2. Differences were considered
statistically significant when P-values were < 0.05, using unpaired two-way Student’s t-test. Data are presented as mean £ SEM.

D Quantitative RT-PCR analysis of the Hsp70 and Hsp90 mRNAs. Ratio between levels of chronically intoxicated (CAl) embryonic cortices versus control cortices (C);

n = 8 independent litters for each gene. P-values: **P < 0.01. For Hsp70, P = 0.003345; for Hsp90, P = 0.007810. Color code: purple for Hsp70 and blue for Hsp90 in
all Figures. Differences were considered statistically significant when P-values were < 0.05, using unpaired two-way Student’s t-test. Data are presented as

mean £ SEM.

See also Supplementary Figs S1 and S2.
Source data is available for this figure.
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Figure 2. Alcohol affects HSE occupancy by HSF1-HSF2 and expression of genes that control neuronal migration.
A Quantification of the occupancy of HSE by HSF1 or HSF2 using ChIP and quantitative PCR (ratio of the ChIP signal versus input signal) on Dcx, Dclkl, p35 and Gapdh

or Cyclophiline B genes in E16.5 fetal cortices from control dams (C) or those subjected to CAI (CAl); for Dclk1, p35 and Gapdh, n = 6 independent litters for CAl; n = 3
independent litters for controls; for Dcx and Cyclophiline B, n = 2 independent litters for C and n = 3 for CAl. Hatched and solid bars: ChIP with anti-HSF2 and anti-
HSF1, respectively. Color code for gene families: Dcx and Dclk1 (green), p35 (red). P-values for Hsp70: P = 0.001482 for HSF1 enrichment in CAl compared to C, and

P = 0.000686 for HSF2; for Dclk1: P = 0.00364 for HSF1 and no significant P-value for HSF2 (P = 0.145678); for p35: P = 0.00431 for HSF2, no significant P-values for
HSF1 (P = 0.151345); for Dcx: P = 0.03345 for HSF2, no significant P-value for HSF1 (P = 0.102345) for HSF1. ***P < 0.001; **P < 0.01; *P < 0.05. For Dcx and p35:
significant reduction in (or no) enrichment for HSF2 in CAI compared to C; no significant enrichment for HSF1, respectively; no enrichment of HSF2 or HSF1 for Gapdh
(P = 0.176985 for HSF1 and P = 0.195512 for HSF2) and Cyclo (P = 0.162546 for HSF1 and P = 0.186584 for HSF2). Differences were considered statistically significant
when P-values were < 0.05, using unpaired two-way Student’s t-test. Data are presented as mean + SEM.

B Quantitative RT-PCR analysis of mRNAs for Dcx, Dclk1, p35, and Hsp70. Ratio of levels in chronically intoxicated versus control embryonic cortices [n = 8 independent

litters for each gene, except p35 (n = 6)]. Note that these genes were affected by more than 20%, a cutoff that we used to distinguish non-affected to affected genes.
Asterisk: ratio significantly different from 1. P-values: **P < 0.01. For Hsp70, P = 0.003345; for Dclk1, P = 0.001649; for Dcx, P = 0.0006864; for p35, P = 0.0053387.
Same color code as in Fig 1C and D and 2A. Differences were considered statistically significant when P-values were < 0.05, using unpaired two-way Student’s t-test.
Data are presented as mean + SEM.

1048

See also Supplementary Figs S3 and S4.

induced trimers was also observed in fetal cortices exposed to CAI
in utero (Supplementary Fig S9C).

The HSF1-HSF2 heterotrimers induced by EtOH displayed a char-
acteristic signature: In the absence of antibodies, the migration of
the HSE-HSF complexes formed in extracts of EtOH-treated N2A
cells was reproducibly distinct from that of HS-induced complexes
(Fig 4B). Similar distinctive complex migration characteristics in
gel-shift assays were observed in other types of cells treated with
EtOH (like in F9 cells, Supplementary Fig S8 A and B), but have

EMBO Molecular Medicine Vol 6 | No 8| 2014

never been detected under non-EtOH stress conditions, even upon
proteasome inhibition or hemin treatment, which activate both
HSF1 and HSF2 and lead to the formation of heterocomplexes
(Loison et al, 2006; Ostling et al, 2007). The formation of unusual
HSF1-HSF2 heterotrimers upon EtOH exposure was confirmed
by ultracentrifugation of N2A extracts on a glycerol gradient,
where heterotrimers induced by EtOH exposure were localized in
significantly less dense glycerol fractions (25-5 to 35-4; illustrated
by green brackets in Fig 4C and green lines in Fig 4D) than

© 2014 The Authors
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Figure 3. Persistent alcohol-induced HSF1 activation correlates with alcohol-specific post-translational modifications.

A

Acetylation of HSF1 is observed upon HS, but not EtOH exposure. (Upper panel) Representative immunoprecipitation of the acetylated form of endogeneous HSF1
detected with an anti-acetyl-lysine antibody in N2A cells (IP acetyl-Lys). HS (42°C) or EtOH exposure (0.5%) was carried out for 1-11 h, or for 6 h followed by 5 h of
recovery (6+5R). (Middle panel) Immunoblot of HSF1 in whole cell extracts (WCE). C, untreated cells; mock: immunoprecipitation in the absence of specific antibodies.
Input: HS, 3 h. The shift in HSF1 migration in HS samples is due to its typical heat-induced hyperphosphorylation [red asterisk; see also (C)]. (Lower panel)
Corresponding quantification of the relative levels of acetylated HSF1 after HS or EtOH exposure compared to control conditions.

HDAC inhibition by TSA or NAM restores HSF1 acetylation upon EtOH stress. (Upper panel) Immunoprecipitation as in (A). (Lower panel) Corresponding quantification
of the relative levels of acetylated HSF1 before and after EtOH exposure, with or without HDAC inhibitors (TSA and NAM).

Lack of HSF1 hyperphosphorylation in response to EtOH. Immunoblot of HSF1 in a 7% SDS—PAGE. iIMEFs were analyzed at different times following HS at 41°C or 2%
EtOH (Et) exposure. Hsc70: loading control. Red asterisk, shifted hyperphosphorylated HSF1 form.

HSF1 is sumoylated upon chronic fetal alcohol exposure in cortices. Immunoprecipitation of HSF1 from control fetal cortices at E15.5 or E17.5 (Co) or after CAl and
immunoblotting with anti-SUMO-1 (upper panel) or anti-HSF1 antibodies (lower panel). S: supernatant (E15.5). NI: non-immune serum.

Limited HSF1 sumoylation in response to EtOH. (Upper panel) Immunoprecipitation of Myc-tagged human HSF1 (HSF1) and immunoblot analysis of HSF1
sumoylation. N2A cells, cotransfected with Myc-tagged human HSF1 and GFP-fused SUMO-1 expression vectors, were exposed to a 42°C HS or to 0.75% EtOH. Arrows
point to sumoylated HSF1 forms. (Middle panel) Total Myc-tagged HSF1; the arrowhead points to HSF1-Myc forms that likely correspond to the sumoylated forms,
according to their molecular weight. Input and mock (immunoprecipitation using anti-HA antibody) are shown for control (C) N2A cells. (Lower panel) Corresponding
quantification of the ratio between the sumoylated form of HSF1 and total HSF1 amounts.

See also Supplementary Figs S5, S6, and S7.
Source data is available for this figure.
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Figure 4. Alcohol induces the formation of HSF1-HSF2 heterocomplexes with specific signatures.

A Hypothesis of HSF binding to the HSE of the Ndel gene in alcohol-exposed fetal cortices. Control situation: The Ndel HSE is bound by one HSF2 homotrimer (gray
ellipses; HSF2 is known to be active in a trimeric form, Sistonen et al, 1994). HSF1 is inactive and monomeric (black ellipse). CAl: The Ndel HSE is bound by a single
alcohol-specific HSF1-HSF2 heterotrimer. In the heterotrimer, the stoichiometric ratio could be 1 HSF1 monomer to 2 HSF2 monomers, or 2 HSF1 monomers to 1

HSF2 monomer.

B Representative gel-shift assays of extracts from N2A cells exposed to 0.5% EtOH or HS (41°C). The position of each HSF-HSE complex is indicated by one bar. Green
arrow, EtOH-induced complex; red arrow, HS-induced complex. The specific supershift induced by the addition of anti-HSF1 (a1) or anti-HSF2 antibodies (22) was
illustrated by red and blue bars, respectively (no antibody: black bars). Right panels, relative positions of the supershifted bands after scan quantification of the HSE—
HSF complexes (black curve, no antibody; red curve, with anti-HSF1 antibody; blue curve, with anti-HSF2 antibody). See also Supplementary Fig S5.

C Quantification of the immunoblot signals (arbitrary units) of HSF1 and HSF2 in all fractions after ultracentrifugation on a glycerol gradient. HSF1 (red); HSF2 (blue).
Green bracket points to fractions in which HSF1 and HSF2 colocalize upon EtOH exposure. Red bracket represents the trimeric HSF1 forms induced by HS.

D Immunoblot of representative fractions collected as in (C). N2A cells were untreated (CTR), treated with 0.5% EtOH for 5 h, or heat-shocked at 42°C for 2 h. An
example of the location of HSF1 and 2 is illustrated here for a representative number of fractions. The presence of HSF1 within fractions of high glycerol
concentration is indicated by two bars (red for HS, corresponding to red brackets in (C). The presence of HSF1 and HSF2 in the same high glycerol concentration
fractions is indicated by green bars for EtOH), corresponding to green brackets in (C). Note that this WB did not allow to HSF2 to be visualized in denser fractions
from control N2A cells, which are presented in Fig 5C and correspond to the fact that HSF2 exhibits basal DNA-binding activity under control conditions in N2A cells.

See also Supplementary Figs S8 and S9.
Source data is available for this figure.

HS-induced HSF1 trimers (fractions 35-3 to 45-2; red brackets and
red lines).

Together, these gel-shift assays, ChIP, EGS cross-linking, and
ultracentrifugation experiments support the formation of atypical
HSF1-HSF2 heterotrimers upon alcohol exposure that could eventu-
ally mediate the disturbances in HSF2 target gene expression in fetal
cortices.

HSF2 is required for the alcohol-induced DNA-binding activity
of HSF1

Since HSF2 levels and activity were unexpectedly preserved upon
EtOH exposure, we analyzed the role of HSF2 in the formation of the
atypical EtOH-induced HSF1-HSF2 heterotrimers. The specific down-
regulation of HSF2 by Hsf2 siRNA in N2A cells lowered the intensity
of the HSF1-HSF2 complex after EtOH treatment 5.7-fold in gel-shift
assays (Fig SA and B). However, this was not due to a decrease in
HSF1 levels due to as-yet unknown feedback mechanisms (Fig 5C).
HSF?2 is thus necessary for HSF1 activation by alcohol.

We then verified whether HSF2 was also necessary for the forma-
tion of the atypical alcohol-induced HSF1-HSF2 heterotrimers in
fetal cortices in vivo. In contrast to HszJ'/+ cortices, no HSF1 HSE-
binding activity could be detected in Hsf2 ™/~ cortices, when
exposed to alcohol in utero (Fig 5D and E). This lack of binding was
not due to diminished levels of HSF1 in EtOH-exposed fetal Hsf2 ™/~
cortices (Fig SF), strongly suggesting that HSF2 was not only a
component of the alcohol-induced heterotrimers, it was also neces-
sary for the binding of HSF1 to HSE, at least in gel-shift assays.

This prominent role of HSF2, observed in fetal cortices and N2A
cells, was not seen in Hsz’/ ~ iMEFs, in which HSF1 activation
could still occur (Supplementary Fig S10A), suggesting that this
novel and essential role for HSF2 in alcohol-induced heterotrimer
formation might be specific to the developing murine cortex and
neural models.

The presence of HSF2 worsens radial neuronal migration defects
induced by fetal alcohol exposure

We next examined whether the presence of HSF2—and thereby the

formation of HSF1-HSF2 heterotrimers—was beneficial or detrimen-
tal to the EtOH-induced defects in neuronal migration. To do this, we

© 2014 The Authors

used BrdU to label neural progenitors in the cortex of Hsf2*/* and

Hsf2~/~ mouse fetuses exposed to CAI or not at E16.5 and analyzed
the effects of alcohol exposure on neuronal positioning in the cortical
plate at PO. It should be mentioned here that in the absence of alcohol
exposure, HSF2 actually plays a positive regulatory role in neuronal
migration in the fetal cortex. Hsf2~/~ animals show abnormalities in
the final positioning of neurons (Chang et al, 2006). To avoid the
confounding effect of these modifications to the “baseline” neuronal
migration and positioning in Hsf2/fetal cortices, we chose a genetic
background for our mice (C57Bl/6N x C57Bl/6J) in which such
effects are not very pronounced. In addition, we normalized neuronal
numbers to those in control animals of the same genotype so as to
limit our analysis to the effects of alcohol.

After normalizing neuronal densities to those in control animals
to take into account neuronal positioning defects in the knockouts,
it appeared that this loss of HSF2 protected the developing cortex
from the incorrect neuronal positioning induced by EtOH (Fig 6A
and B; for non-normalized data, see Supplementary Fig S11A). We
then investigated the expression levels of HSF2 target genes after
CAI in Hsf2~/~ and Hsf2*/* cortices. We studied the expression
of 14 genes from different families known from the literature to
regulate radial neuronal migration (see Supplementary Information)
and to bind HSF1 or HSF2 under control or HS conditions in
unbiased ChIPSeq analyses (Mendillo et al, 2012; Vihervaara
et al, 2013). As for Dclkl, Dcx, and p3S, the expression of Chll
(Demyanenko et al, 2004), Myol0 (Ju et al, 2013), MapT (Sapir
et al, 2012), and Mark2 (Sapir et al, 2008) was reduced upon fetal
alcohol exposure in wild-type cortices (CAI/CTR ratio lowered by
more than 25%; Fig 6C). In line with the BrdU birth-dating results,
the EtOH-induced perturbations in the expression of genes such as
Dclk1, Dcx, Chll, Myol0, MapT, and Mark2 in fetal cortices were
also less severe in Hsf2™/~ animals (lighted bars) when compared
with Hsf2"*/* animals (ratio CAI/CTR closer to 1; Fig 6C, see also
Supplementary Fig S11B; Supplementary Table S1). Namely, the
ratio CAI/CTR of mRNA levels in Hsf2 /™ fetal cortices was either
significantly closer to 1 (Dclk1, p35, Chll, MapT) or not significantly
different from 1 (Dcx, Myol0, Mark2). The expression of eleven
other genes involved in radial neuronal migration was not signifi-
cantly affected by CAI. Interestingly, their expression was found not
to be dependent on HSF2 (ratio CAI/CTR not notably different
between Hsf2"/* and Hsf2™/~ cortices (Supplementary Fig S11B).

EMBO Molecular Medicine Vol 6 | No 8 | 2014
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Thus, HSF2 appears to play a detrimental role in the developing
cortex chronically exposed to alcohol by participating in the forma-
tion of atypical heterotrimers that, by binding to genes involved in
radial neuronal migration that are normally regulated by HSF2,
result in their abnormal expression (Fig 7).

Discussion

Two HSFs, HSF1 and HSF2, are expressed in the developing brain
and possibly involved in the stress response in the brain. In model
cell systems, the predominant role in transcriptional regulation has
until now been attributed to HSF1, which indeed is absolutely essen-
tial for the response to classic HS, while HSF2 has been considered
merely to fine-tune the actions of HSF1. During normal brain
development, however, HSF2 is known to control the transcription
of several genes involved in radial neuronal migration during corti-
cogenesis, and mice genetically knocked out for HSF2 present
neuronal positioning anomalies (Chang et al, 2006). Defective
neuronal migration and positioning are also a hallmark of FASD,
with far-reaching pathophysiological consequences. In the present
study, we provide the first evidence that HSF2 plays a crucial role in
the response of the fetal cortex to alcohol during cortical develop-
ment and, furthermore, that HSF2 is essential for the activation of
HSF1 following exposure to alcohol in utero. In summary, using
alcohol exposure in fetal mouse models in vivo and neural cell
systems ex vivo, we demonstrate that HSF2 drives the response of
the fetal cortex to alcohol via a novel HSF1-HSF2 interaction based
on the formation of alcohol-specific heterotrimers. Upon alcohol
exposure, the sustained expression and binding of these HSF1-HSF2
heterotrimers—or conversely, the loss of their binding—to HSE-
containing genes that regulate radial neuronal migration leads to the
perturbation of their expression. In the absence of HSF2, these
modifications in gene expression and the accompanying aberrant
neuronal positioning are less severe, suggesting that HSF2 mediates
some of the migration defects associated with FASD (Fig 7).

These findings are remarkable in several respects. Firstly, they
reveal that HSF2 is not merely a modulator of the transcriptional
activities of HSF1, as, for example, in the case of cell systems or
preimplantation embryos subjected to classic HS (Ostling et al,
2007; Le Masson et al, 2011), but an essential and, possibly, even
the principal component of the response to fetal alcohol exposure in
the brain. Secondly, HSF2, although not strictly necessary for the
HSR, very transiently associates with HSF1 and fine-tunes the HSF1-

Figure 5. HSF2 is essential for the binding of HSF1 to HSE upon EtOH exposure.

HSF2 causes neuron migration defects in FAS models

EMBO Molecular Medicine

dependent induction of heat shock gene transcription, before being
strikingly and rapidly inactivated by HS itself (He et al, 2003;
Ostling et al, 2007; Sandqvist et al, 2009; Ahlskog et al, 2010).
HSF1 is also inactivated following its post-translational modifica-
tion, but after longer exposure to HS (reviewed in Akerfelt et al,
2010). In the response to chronic alcohol exposure, however, both
HSF1—which displays an unusual set of post-translational modifica-
tions—and HSF2 are moderately but persistently activated in the
developing brain, with potentially drastic consequences in terms of
gene transcription and its structural and functional repercussions.
Furthermore, in the absence of HSF2, HSF1 cannot be activated by
alcohol exposure. Thirdly, the effects of alcohol on HSF activity are
mediated by yet another unusual mechanism—the formation of
specific HSF1-HSF2 heterotrimers whose biochemical properties are
distinct from those previously characterized for other types of stress
(Sarge et al, 1993; Sistonen et al, 1994; Loison et al, 2006; Ostling
et al, 2007; Sandqvist et al, 2009). While there has been much
speculation regarding the existence of HSF1-HSF2 heterotrimers in
vivo, or at least under pathophysiological conditions, this has been
remarkably difficult to demonstrate, with a couple of notable excep-
tions: the formation of functionally active heterotrimers following
proteasome inhibition (including treatment with hemin) or with the
amino acid analog AZC (L-azetidine-2-carboxylic acid) (Loison et al,
2006; Ostling et al, 2007). However, these complexes are not distin-
guishable from those induced following HS, which is clearly not the
case with our alcohol-induced heterotrimers with their distinctive
behavior in gel-shift assays and glycerol gradients. This is therefore
the first concrete evidence for the in vivo formation of HSF1-HSF2
heterotrimers, which, moreover, display distinctive alcohol-specific
features. Lastly, our findings provide, for the first time, a molecular
explanation for the cortical neuronal positioning defects typical of
FAS, based on the differential binding and transcriptional activation
of genes involved in radial neuronal migration in the developing
brain by these atypical but persistent HSF1-HSF2 heterotrimers. The
fact that the enigmatic HSF2, whose role in the stress response in
vivo has remained elusive for so many years, occupies such a promi-
nent place, both under adverse environmental conditions and
during the normal development of the organism, is of great signifi-
cance and is in line with recent findings regarding its prominent role
in mitotic cells (Vihervaara et al, 2013).

How alcohol induces HSF activation is still unknown. As an
amphiphilic (that is, both lipophilic and hydrophilic) molecule, alco-
hol could trigger HSF1 activation in a pleiotropic manner. In particu-
lar, it is known to induce oxidative stress (Henderson et al, 1995;

A Gel-shift analysis of the impact of Hsf2 siRNA (+) or scrambled siRNA (—) on the migration of the HSF complex upon EtOH exposure (0.5 h at 2%). Lanes 11-13 and
14-16 represent duplicates, and the (EtOH+SiRNA Hsf2) curves in (B) correspond to their average values.

B Quantification of the intensity and supershifting of the HSF-HSE complexes corresponding to (A).

C Representative immunoblot of HSF1 and HSF2 levels in N2A cells after HSF2 silencing by two distinct Hsf2 siRNAs or scrambled siRNA (Sc) in control (C) or stressed

N2A cells.

D Representative gel-shift analysis of cortical extracts from individual Hsf2+/+ (€1 and €2) or Hsz’/’ (e3 and €4) E18.5 fetuses, 2 h after EtOH (3 g/kg) intraperitoneal

injection (IPI) of the mother. IPI was chosen in this case, to circumvent frequent fetal death of Hsf2™

= embryos that frequently occurred in CAl. Note that HSE-HSF

complexes are totally supershifted by either anti-HSF1 or anti-HSF2 antibody in extracts from Hsf2*/* fetuses.
E Quantification of the intensity and supershifting of the HSF-HSE complexes corresponding to (D).
F  Representative immunoblot of the levels of HSF1 and HSF2 in Hsf2** and Hsf2~/~ embryonic cortices upon EtOH IPI.

See also Supplementary Fig S10A.
Source data is available for this figure.

© 2014 The Authors
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Brocardo et al, 2011; Ikonomidou & Kaindl, 2011), and the redox-
dependent activation of HSF1 has been reported previously (Ahn &
Thiele, 2003). Regardless of how the mechanism is initiated, the
effects of alcohol appear to be mediated by the modest but
prolonged activation of the HSFs through the formation of stable
alcohol-specific heterotrimers. The result of this stability on the

EMBO Molecular Medicine Vol 6 | No 82014
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Figure 6. The absence of HSF2 reduces the abnormalities in neuronal
positioning and disturbances in gene expression induced by fetal alcohol
exposure.

A Comparison of the severity of radial neuronal positioning defects
between Hsfz*/* and Hsz’/’ cortices. BrdU-labeled cells (BrdU injection at
E16.5 and neuronal positioning examined at PO) in fetal cortices from
pregnant dams chronically intoxicated with food containing EtOH ad
libitum (CAl) per 0.05 mm?. For each genotype and group of layers, the CTR
situations were set to 1 (dotted line). Superficial layers, I-1I; deep layers,
IV-VI. (n = 5 sections from three different individuals per condition). The
ratio is significantly different from 1 in Hsf2*/* (P-values: *P = 0.0281
for layers I-1I; **P = 0.0061 for layers IV-VI) The ratio was not
significantly different from 1 in Hsf2~/~ (P-values: P = 0.5729 for layers I-1II;
P = 0.5627 for layers IV-VI). See also Supplementary Fig S11A for
non-normalized data. Differences were considered statistically significant
when P-values were < 0.05, using unpaired two-way Student’s t-test. Data
are presented as mean + SEM.

B Representative images corresponding to panels in (A). Gz, germinal zones;
iz, intermediate zone; IV-VI and I-1l, deep and superficial layers,
respectively. Scale bar: 10 uM.

C Reduced disturbances of MAP gene expression in the absence of HSF2.
Bars stand for ratios of values in CAl to those in CTR samples. Comparison
of the severity of disturbances in Dclkl, Dcx, p35, Chl1, Myol0O, MapT, and
Mark2 expression, in RT-qPCR experiments, between E17.5 Hsf2*'* and
Hsz’/’ cortices subjected (CAl) or not (CTR) to fetal alcohol exposure
(n = 4-7). Aratio of 1 is indicated by the black line. P-values (see
Supplementary Table S1 for details): ***P < 0.0001; **P < 0.001. Same
color code as in Figs 1C and D, and 2B. The graph represents the mean
value of the ratio between each sample value and each control value.
P-values were calculated by comparing ratios obtained for the control (CTR)
condition versus the CAIl one. For Dclk1, Dclk2, Dcx, Chll, and p35,n =5,
individual cortices were analyzed for WT CTR; n = 7 for KO CTR, n = 6 for
WT CAl; n = 4 for KO CAl. For Myo10, MapT, and Mark2, n = 3 for each
conditions. Differences were considered statistically significant when
P-values were < 0.05, using unpaired two-way Student’s t-test. Data are
presented as mean £ SEM.

See also Supplementary Fig S11.

long-term DNA-binding and transcriptional activity of HSF1-HSF2
heterotrimers is decisive for their potential role in FASD, since it
allows HSF1 and HSF2 to continue exerting their alcohol-induced
effects in the fetal cortex over long periods of time rather than being
inactivated rapidly as with HS.

This long-term activity of HSF1-HSF2 heterotrimers depends in
fact on the persistent activation of their two components. Firstly,
the DNA-binding activity of HSF2 is resistant to chronic alcohol
stress, whereas HSF2 is quickly inactivated and degraded upon clas-
sic HS, as mentioned above (Sarge et al, 1993; Sistonen et al, 1994;
Mathew et al, 2001; Ahlskog et al, 2010). HSF2 is also activated by
mild (febrile range) HS, but HSF1 is not activated under these condi-
tions, precluding the formation of heterotrimers (Shinkawa et al,
2011). Secondly, HSF1 can be chronically activated in vivo or ex vivo
by prolonged EtOH exposure, although it is only transiently acti-
vated by prolonged classic HS. This atypical lack of attenuation of
HSF1 DNA-binding and transcriptional activity upon EtOH exposure
could be related to the alcohol-specific set of post-translational
modifications that HSF1 undergoes. For example, while acetylation
accompanies HSF1 activation, it also seems to be necessary for the
attenuation of its DNA-binding activity upon HS (Westerheide et al,
2009). The sumoylation and hyperphosphorylation of HSF1 are also
signs of HSF1 activation in terms of transcriptional ability, but not
requirements. Contrarily, HSF1 hyperphosphorylation appears to be
linked to the repression of its transcriptional ability (Newton et al,
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Figure 7. Model of the action of HSF2 as a mediator of radial neuronal
migration defects upon fetal alcohol exposure.

Fetal alcohol exposure leads to the maintenance of HSF2 activity and to
persistent HSF1 activation, through an alcohol-specific set of HSF1 post-
translational modifications (lack of acetylation and hyperphosphorylation, and
limited sumoylation). HSF2 is essential for the activation of HSF1 in the
developing brain cortex (but not in iMEFs, for example). This leads to the
formation of alcohol-specific heterotrimers (HSF1 and HSF2 monomers in pink
and green, respectively) that bind to HSF2 target genes involved in neuronal
migration (which are bound by HSF2 homotrimers under normal conditions) and
disturb their expression. Alternatively, the formation of heterotrimers prevents
binding to the HSE (arrow). In the absence of HSF2, these disturbances are less
pronounced than in wild-type cortices, and defects in the positioning of neurons
are less severe. Thus, through its ability to steer HSF1 activation in the developing
cortex, HSF2 is a mediator of the neuronal migration defect characteristics of
fetal alcohol exposure in FAS models.

1996; Kline & Morimoto, 1997; Kim & Li, 1999; Hietakangas et al,
2003), and the HS-induced sumoylation of HSF1 is known to
provide a buffering capacity for its transcriptional abilities, adapted
to the severity of the HS (Hietakangas et al, 2003). Therefore, the
reduction of HSF1 acetylation, the absence of its hyperphosphoryla-
tion, and its limited and delayed sumoylation could all contribute to
its persistent DNA-binding and transcriptional activity upon chronic
alcohol exposure.

© 2014 The Authors
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While the HSF1-HSF2 heterocomplexes induced by alcohol are
biochemically different from complexes induced by classic HS or
certain other types of stress mentioned above (Loison et al, 2006;
Ostling et al, 2008), sodium salicylate, like EtOH, induces
HSF1-HSE complexes with slower migration properties during elec-
trophoresis than HS, but, unlike EtOH, triggers HSF1 hyperphosph-
orylation to some extent (Jurivich et al, 1992, 1995). In addition,
only HSF1, and not HSF2, displays DNA-binding activity upon
sodium salicylate treatment, and this treatment is not capable of
triggering Hsp gene transcription. This suggests that the characteris-
tic behavior of EtOH-specific HSF1-HSF2 complexes in gel-shift
assays and glycerol gradients might be due to the distinctive post-
translational modification profile of HSF1, rather than to the pres-
ence of HSF2. The differences observed in the acetylation or sumoy-
lation of HSF1 and/or its lack of hyperphosphorylation after alcohol
exposure, when compared to other stresses such as HS, could
induce conformational peculiarities that might account for this
unusual behavior of HSF1-HSF2 complexes.

In addition to the striking abundance and elevated DNA-binding
activity of HSF2 in the developing cortex, the HSF heterotrimer-
mediated effects of alcohol may also depend upon still unidentified
post-translational modifications in HSF2, which might control its
stability, its participation in atypical heterotrimer formation (and
the peculiar characteristics of these heterotrimers), and conse-
quently its activity in the normal fetal cortex and/or after alcohol
exposure. Post-translational modifications in HSF2 might also
contribute to the recruitment of partners or complexes that nega-
tively modulate the transcription of target genes upon alcohol expo-
sure, especially in the fetal cortex (see below).

The relative concentrations of HSF1 and HSF2 within the develop-
ing cortex (HSF2 > HSF1) might also be critical for its response to
alcohol. Surprisingly, in Hsf2™/~ embryos or upon the ex vivo knock-
down of HSF2 in neural cell lines, HSF1 activity could not be induced
by alcohol exposure, suggesting that HSF2, far from being a “silent
partner,” is in fact the driving force behind the changes in the fetal
cortex exposed to alcohol. This is in contrast to the situation in Hsf2~/
~ iMEFs (Supplementary Fig S10A), which could be explained by the
fact that, unlike fetal cortices and N2A cells, these non-neural cells do
not display constitutively high HSF2 DNA-binding activity. The strong
expression and constitutive activity of HSF2 during normal brain
development (See Supplementary Fig S10D; Rallu et al, 1997; Kallio
et al, 2002; Chang et al, 2006) might not only be important for normal
brain development but also confer on the fetal cortex a unique vulner-
ability to in utero alcohol exposure, favoring the formation of alcohol-
specific HSF1-HSF2 heterotrimers and triggering the prolonged, albeit
low-grade, activation of HSF1. However, whether these HSF1-HSF2
interactions prevent HSF1 from becoming heavily post-translationally
modified, or conversely, whether the lack of major post-translational
modifications favors the stable interaction of HSF1 with HSF2,
remains to be elucidated. Nevertheless, any modification in their
concentration ratio might compromise or modify the response of HSF1
and HSF2 to alcohol in the fetal cortex. For instance, it is tempting to
hypothesize that the variability in HSF1 and HSF2 levels among indi-
viduals and consequently on their ratio could constitute a molecular
basis for the enigmatic variability in sensitivity to FAS that is observed
in the human population (reviewed in Gressens et al, 2001).

In terms of their putative function as transcriptional modulators
through HSE binding, the alcohol-induced interaction of HSF1 and
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HSF2 contributes to the downregulation of the expression of various
genes involved in radial neuronal migration during different stages
of corticogenesis, such as the MAPs (e.g. Dcx, Dclkl and 2, and
Lis1), as well as other genes upstream or downstream of them (p35,
p39, Chll, Mark2, etc.). We observed two situations: (i) the loss of
binding of both HSF1 and HSF2 to the HSE upon alcohol exposure,
as in the case of p35S, Dcx, and Chll, which might contribute to the
downregulation of the gene in a manner resembling that described
in Hsf2~/~ cortices (Chang et al, 2006): In this case, the formation
of heterotrimers seems to sequester HSF2, leading to the loss of
target gene binding and the downregulation of their expression; (ii)
the binding of an HSF1-HSF2 heterotrimer to the HSE, as in the case
of Dclkl, leading to altered gene expression. What role, if any, is
played by the similarity of the HSE of a given gene to the consensus
sequence or its position within the gene is not yet clear. However,
Dcx and Chll possess HSEs that closely match the canonical HSE
sequence, whereas p35 does not, suggesting that the HSE sequence,
by itself, is not sufficient to dictate HSF binding and that the chro-
matin environment might be an important modulator. For p35, Dcx,
and Chl1, it appears that interfering with normal HSF2 binding to an
HSE situated in the vicinity of the promoter region leads to the
downregulation of gene expression. The fact that the binding of
alcohol-induced heterotrimers to an HSE within the body of the
gene, as in the case of Dclkl, also results in the downregulation of
the target gene is not surprising. Indeed, HSF1 is a potent activator
of Hsp gene expression upon HS, but negatively regulates other
genes in other situations, especially those in which, such as Dclk1I,
HSEs are not located in the promoter region (Mendillo et al, 2012).
The amazing transcriptional modification capabilities of HSF1 have
also recently been demonstrated by its complete rewiring of the
transcriptome in cancer (Mendillo et al, 2012). Similarly, HSF2 can
negatively or positively regulate the transcription of its target genes
depending on the context. For example, it positively influences the
expression of Hsp70 and Hsp2S but negatively influences that of
Hsp40 and Hspl10 in response to HS, and moreover, it negatively
regulates MLL during mitosis (Ostling et al, 2007; Vihervaara et al,
2013). Alcohol-induced alterations of the HSFs, including post-
translational modifications and the formation of alcohol-specific
heterotrimers, could therefore explain a wide variety of changes
in the transcription of Dclkl, Dcx, p35, and other genes in the
developing cortex.

The effects of the HSFs on gene transcription following their
alcohol-induced modification need not be direct. Indeed, the role of
HSF2 in the control of gene expression has also recently been eluci-
dated by its ability to profoundly remodel the chromatin landscape
(Vihervaara et al, 2013). The alcohol-mediated loss of HSF2 binding
in the case of p35, Dcx, and Chll, possibly due to changes in the
binding specificity of the trimers, and conversely the binding of
alcohol-specific heterotrimers to other genes such as Dclk1, might
result in major changes in the chromatin environment in terms of
the recruitment of activator or repressor complexes or histone modi-
fications. The combination of HSF2 and HSF1 might also perturb
gene expression by modifying the epigenetic landscape, since HSF1
is also known to recruit chromatin remodelers and other transcrip-
tional activators, as well as to target histone modifications in a
stress-specific manner (Sullivan et al, 2001; Thomson et al, 2004;
Inouye et al, 2007; Fujimoto et al, 2008, 2012; Gomez et al, 2008;
Khaleque et al, 2008; Fritah et al, 2009).
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Strikingly, however, the overall DNA-binding activity and tran-
scriptional ability of HSF1-HSF2 heterotrimers appeared to be only
modestly induced by alcohol when compared to HS. This low-grade
activation of the HSFs could be crucial for their potential role in
FASD, since the overexpression of HSF1 or the HSPs is known to be
toxic to the cell (Feder et al, 1992; Krebs & Feder, 1997; Bruce et al,
1999). In addition, the low levels of HSP70 and HSP90 induced
under conditions of chronic alcohol exposure could limit the nega-
tive feedback loop that the HSPs exert on HSF1 (Boyault et al, 2007;
Akerfelt et al, 2010). Thus, the fact that alcohol induces only a
moderate increase in HSF1/HSF2 activity (and in Hsp levels) is
likely another factor that contributes to the prolonged activation and
limited toxicity of these heterotrimers in the fetal brain and favors
the pathological role of these factors in FASD.

These modest but significant alcohol-induced disturbances in the
expression of at least seven genes involved in neuronal migration,
such as some MAPs and their activator and effector molecules, are
likely to alter radial neuronal migration in a cumulative way. Indeed,
DCX and DCLK1 display overlapping and compensatory effects on
radial neuronal migration (reviewed in Ayala et al, 2007). The
concomitant HSF2-dependent downregulation of multiple MAP
genes within fetal cortices exposed to alcohol could therefore block
this compensatory mechanism and lead to migration defects. Like-
wise, alterations in phosphorylation/dephosphorylation cascades,
such as the reduction in the expression of p35, the activator of CdkS5,
a kinase needed for the phosphorylation of DCX and its association
with microtubules (Tanaka et al, 2004), could have far-reaching
consequences. However, these defects, both in terms of cortical
development and in terms of the expression of the most-affected
genes, are notably reduced in Hsf2~/~ cortices, in keeping with the
lack of HSF1 activation in the absence of HSF2, suggesting that the
perturbations in HSF2 activity in the fetal cortex—via the formation
of anomalous HSF1-HSF2 heterotrimers—are detrimental for MAP
gene expression and neuronal migration following alcohol exposure.

Interestingly, in contrast to genes that are markedly affected by
alcohol exposure, the expression of genes involved in radial neuro-
nal migration that are not (or only poorly) affected by fetal alcohol
exposure is not influenced by the absence of HSF2. This further rein-
forces the notion that HSF2 is a major mediator of disturbances in
the expression of genes affected by alcohol, and therefore of the
radial neuronal migration defects characteristic of FAS, and that the
involvement of HSF2 as a fine-tuner of the expression of these
genes, which is beneficial under normal conditions, might constitute
a “cost” when the fetal brain is exposed to alcohol. This might not
be the case in other organs or cell systems such as the iMEFs, in
which HSF2 could be protective (Supplementary Fig S10B and C).
Similarly, this detrimental effect may be absent in the case of other
stresses of pathological importance for the prenatal and perinatal
period: For example, HSF2 might protect the developing cortex
against fever, since HSF1 is neither induced nor needed in the
febrile temperature range (Shinkawa et al, 2011).

In conclusion, our work has succeeded in elucidating some of
the molecular and genetic alterations by which chronic fetal alcohol
exposure leads to brain structural abnormalities characteristic of
FASD, via the activation of HSF1 and HSF2. The search for
compounds capable of modulating the actions of HSF1 is already a
focus for therapeutic strategies for cancer and neurodegenerative
diseases (Westerheide & Morimoto, 2005; Whitesell & Lindquist,
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2009; Neef et al, 2010, 2011), and it is tempting to consider our find-
ings of the essential role of HSF2 in the fetal cortex as a basis for
strategies to prevent or limit brain damage in the case of FAS.
Future challenges will involve building on this new fundamental
insight both into the role of HSF1 and HSF2 in fetal cortical develop-
ment under normal and alcohol-exposed conditions, and on the
different mechanisms by which they could interact and regulate the
transcription of their target genes under conditions of environmental
stress, to implement clinically relevant solutions.

Materials and Methods
Mice, heat shock, and EtOH exposure

Hsf2 heterozygous mice described in Kallio et al (2002) were
obtained in a mixed C57Bl/6 N x C57Bl/6 J background (Fig 6).
The noon on the day of the vaginal plug was considered as embry-
onic day 0.5 (E0.5). For chronic EtOH stress on wild-type animals
(in Fig 1), pregnant 2- to 4-month-old C57Bl6/J female mice were
exposed to EtOH between E7.5 and E18.5 following three different
modes of EtOH administration. The first group of animals was fed ad
libitum with a semi-liquid diet (WUARAO00D44, Safe, France; Gres-
sens et al, 1992) containing 70 mg/ml (2%) EtOH. Controls were
fed ad libitum with a semi-liquid diet without EtOH and providing
the same amount of calories per volume. The second group of
animals received one daily force-feeding (gavage) of EtOH (3 mg/
kg/gavage) diluted in a final volume of 200 pl of PBS. Controls
received PBS alone. The last group of animals received two daily
intraperitoneal injections of EtOH (1.5 mg/kg/injection) diluted in a
final volume of 200 ul of PBS. Controls received PBS alone. For
acute EtOH stress, pregnant dams were submitted to a single intra-
peritoneal injection of EtOH at doses known to induce brain defects
in rodent fetuses that mimick FAS (3 or 6 g/kg initial solution: 40%
EtOH in PBS Ikonomidou et al, 2000; Olney et al, 2002; Carloni et al,
2004; Ieraci et al, 2006, 2007). Dams were sacrificed 2 or 4 h later as
indicated. Mother alcoholemia was determined using the Enzym-
Chrom Ethanol Assay kit (ECET-100, BioAssay Systems; CAIL: 3.9—
8 g/1; IPI: 4.5 g/1) or by the facilities in Hospital Bichat, Paris, France
(CAIL: 1-3 g/1). We verified that in our hands, BrdU incorporation at
E16.5 was similarly affected by the three protocols of chronic fetal
alcohol exposure (Supplementary Fig S1A). Typically, 10 pregnant
females were used for each condition. Experimental protocols were
approved by the institutional review committee (Robert Debré and
Bichat-University hospitals committee), meet the Inserm guidelines,
and were carried out in accordance with the Guide for the Care and
Use of Laboratory Animals as adopted and promulgated by the U.S.
National Institutes of Health. All efforts were made to reduce stress
and pain to animals. Hsf2"™"™™" mice and the corresponding experi-
mental protocols have received the agreement # 5314 from Ministere
de I’Enseignement Supérieur et de la Recherche were approved by
the Institutional Animal Care and Use Ethical Committee of the
Paris-Diderot University (registration number CEEA-40).

Immunohistochemistry

Brains were fixed in 4% formalin 24 to 48 h prior to paraffin embed-
ding. Sixteen micron-thick coronal sections were cut at the level of

© 2014 The Authors

HSF2 causes neuron migration defects in FAS models

EMBO Molecular Medicine

S1. For BrdU detection, deparaffinized sections were microwaved in
citrate buffer and incubated in HCI prior to incubation with primary
antibodies. To investigate proliferation and migration, pregnant
mice were injected intraperitoneally with 50 mg/kg BrdU (diluted in
100 pl of PBS) at E16.5 and sacrificed either 2 h after BrdU injection
or at PO, respectively. BrdU-positive cells were counted on 6 whole
VZ and SVZ cortices from three independent litters.

Electrophoretic mobility shift assay

Cell extracts were prepared as described (Mezger et al, 1989). Pools
of three embryos of the same litter were submitted to 2—4 rapid
freeze-thaw cycles, in five volumes of extraction buffer. Whole cell
extracts (30 ug of proteins) were incubated with a (**P)-labeled HSE
oligonucleotide (5-CTAGAACGTTCTAGAAGCTTCGAGA-3'), and
complexes were separated on a native 4% polyacrylamide gel as
described (Rallu et al, 1997). The components of the retarded
complexes were analyzed by supershift using antibodies against
HSF1 or HSF2 (10 ng/ul final; 3E2 and Ab4 neomarkers). The inten-
sities of HSF-HSE complexes were quantified by Phospholmager
FLA3000 or 7000 (Fuji).

Glycerol density gradients

Three hundred micrograms of total native extracts were loaded on
the top of a 5 ml glycerol gradient composed (from top to bottom)
of 5, 15, 25, 35 and 45% (1 ml each) and ultracentrifuged
(Beckman, rotor MLS50, 226,800 g) for 16 h. The gradient was
aliquoted in 200 pl fractions (named 5-1 to 5-5; 15-1 to 15-5, etc.
up to 45-5; Fig 4C and D), and the content in HSF1 and HSF2 of
30 ul of the fractions was analyzed by WB on SDS-PAGE. (input,
40 pg of total extract).

Quantitative RT-PCR for quantification of mRNA levels

The caudo-medial region of the cortical plate (the region which is
mostly affected in term of neuronal migration in Hsf2~/~ fetuses) of
E16.5 cortices from embryos of the same litter was dissected and
pooled into RNAlater (Ambion). RNA was purified using Illustra
RNAspin Mini RNA Isolation kit (GE Healthcare). Reverse transcrip-
tion was performed from 1 pg RNA using the Superscript II reverse
transcriptase (Invitrogen Life Technologies). Quantitative PCR was
performed in 96 well plates on the Light Cycler LC480 (Roche) using
the Quantitect SYBER green PCR kit (Qiagen). For one given experi-
ment, 3 genes, one highly, one moderately, and one weakly
expressed, (cyclophilin B, protoporphyrinogen oxidase (Ppox),
o,-tubulin, or Gapdh), were used for normalization of the results
(Dauphinot et al, 2005; Chang et al, 2006). For primers sequences,
see Supplementary Information.

Chromatin immunoprecipitation (ChIP)

Putative HSE were identified by Genomatix software in the Dclkl
and Ndel genes.

The ChIP protocol was modified from Takahashi et al (2000).
E16.5 cortical tissue (corresponding to seven embryos) was cross-
linked at 4°C, with a final concentration of 1% formaldehyde.
Quenching was performed with a final concentration of 125 mM
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Problem

Fetal alcohol spectrum disorders (FASD) are provoked by maternal
consumption of alcohol during pregnancy and represent the most
frequent cause of non-genetic mental retardation. The effects of
prenatal exposure to alcohol, which can occur at any time during
gestation, include the disruption of many aspects of fetal brain
development. In particular, postmortem brains of infants with FAS
exhibit disturbances in the positioning of neurons in the various
cortical layers, and fetal alcohol exposure is known to affect radial
neuronal migration, which governs horizontal cortical lamination.
However, the molecular mechanisms responsible for these defects are
still elusive.

Results

Here, we show that HSF2, a member of the heat shock factor (HSF)
family of stress-responsive transcription factors, plays a pivotal role in
the brain’s response to fetal alcohol exposure by steering the long-
term activation of HSF1—the major stress-responsive HSF—and the
formation of alcohol-specific HSF1/HSF2 heterotrimers, which bind to
and alter the expression of genes that control radial neuronal migra-
tion (for example, p35 and microtubule-associated proteins such as Dcx
and Dclkl). The persistent activation of HSF1 involves an alcohol-
specific set of post-translational modifications. In the absence of HSF2,
disturbances in gene expression and neuronal positioning defects are
both less severe than in the presence of HSF2, strongly suggesting that
HSF2 and the formation of heterotrimers mediate the neuronal migra-
tion defects characteristic of FASD.

Impact

Our studies demonstrate that HSF2 plays an important role in medi-
ating cortical neuronal positioning defects in response to prenatal
alcohol exposure. Our work has important clinical implications for the
prevention or treatment of FAS. Additionally, the search for
compounds that could modulate the activity of HSF1 has been at the
center of current therapeutic strategies for cancer and neurodegener-
ative diseases. Our studies indicate that large high-throughput screen-
ing strategies should also target HSF2.

glycine at 4°C. After cortical cell dissociation, seven embryonic CPs
were lysed in 2 ml of lysis buffer. Fragmentation of the chromatin
samples was performed by sonication with Bioruptor (Diagenode)
to an approximate size of 400 bp (20 min; 30 s on/30 s. off). IP was
performed after preclearing with a 50% slurry of protein G-coated
agarose beads containing bovine serum albumin (100 pg/ml,
Amersham Biosciences) 3 h at 4°C. The following antibodies were
used: HSF2 (Abcam ab44824) and HSF1 (Abcam ab81279). Washing
of immunocomplexes was performed three times with wash buffer
1, twice with wash buffer 2, and three times in wash buffer 3 (for
washing buffers, see Chang et al, 2006). Cross-links were reversed
by incubating the samples overnight at 65°C. DNA was purified, and
PCR analysis was performed on 1:10 of each ChIP sample using
gPCR Mix SYBR Green (Amersham Biosciences). For primer
sequences, see Supplementary Information.

Statistical analysis
The statistical analyses for RT-qPCR analyses and ChIP experiments
were conducted with two-tailed independent (unpaired) Student’s

t-test, assuming Gaussian distribution. The statistical analyses for
BrdU labeling experiments were carried out using unpaired

EMBO Molecular Medicine Vol 6 | No 82014

HSF2 causes neuron migration defects in FAS models

Rachid El Fatimy et al

two-tailed Student’s t-test (Figs 1A and 6A) or unpaired ANOVA, as
indicated in the Legends, assuming Gaussian distribution.

Supplementary information for this article is available online:
http://embomolmed.embopress.org
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