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Abstract

Fetal Alcohol Syndrome (FAS) is a common birth defect in many societies. Affected individuals
have neurodevelopmental disabilities and a distinctive craniofacial dysmorphology. These latter
deficits originate during early development from the ethanol-mediated apoptotic depletion of
cranial facial progenitors, a population known as the neural crest. We showed previously that this
apoptosis is caused because acute ethanol exposure activates a G protein-dependent intracellular
calcium within cranial neural crest progenitors, and this calcium transient initiates the cell death.
The dysregulated signals that reside downstream of ethanol’s calcium transient and effect neural
crest death are unknown. Here we show that ethanol’s repression of the transcriptional effector f3-
catenin causes the neural crest losses. Clinically-relevant ethanol concentrations (22—-78 mM)
rapidly deplete nuclear B-catenin from neural crest progenitors, with accompanying losses of -
catenin transcriptional activity and downstream genes that govern neural crest induction,
expansion and survival. Using forced expression studies we show that $-catenin loss of function
(via dominant-negative TCF) recapitulates ethanol’s effects on neural crest apoptosis, whereas [3-
catenin gain-of-function in ethanol’s presence preserves neural crest survival. Blockade of
ethanol’s calcium transient using Bapta-AM normalizes p-catenin activity and prevents the neural
crest losses, whereas ionomycin treatment is sufficient to destabilize -catenin. We propose that
ethanol’s repression of B-catenin causes the neural crest losses in this model of FAS. p-Catenin is a
novel target for ethanol’s teratogenicity. f-Catenin/Wnt signals participate in many developmental
events and its rapid and persistent dysregulation by ethanol may explain why the latter is such a
potent teratogen.
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Introduction

Fetal Alcohol Spectrum Disorders (FASD) is the most common non-genetic birth defect in
western nations and a leading cause of neurodevelopmental disability in children. The most
severe form, Fetal Alcohol Syndrome, affects 0.33-2.2 per 1000 live births with
substantially higher rates (8-89.2/1000) in populations with appreciable ethanol abuse
(Clarren et al. 2001; May et al. 2007). FAS is characterized by neurodevelopmental deficits,
growth retardation, and a distinctive craniofacial appearance including micrognathia,
maxillary hypoplasia, flattened midface, and deficits of the overlying soft tissue (Smith and
Debelak-Kragtorp, 2006). These facial structures are derived from the neural crest, a
pluripotent stem cell population that originates early during development within the dorsal
neuroectoderm (LeDouarin and Kalcheim, 1999). As the elevated neural folds fuse, neural
crest cells emigrate into the cranial mesenchyme where they differentiate to form the
craniofacial bone, cartilage and connective tissue, and portions of the cranial ganglia.
Animal studies show that the distinctive facial hypoplasia of FAS results, in part, from the
apoptotic deletion of premigratory and early migratory cranial neural crest in response to
ethanol exposure (Cartwright et al. 1998; Dunty et al. 2006; Su et al. 2001). This cell death
is apoptotic because it is sensitive to caspase inhibition and is identified using TUNEL
techniques (Cartwright et al. 1998; Dunty et al. 2006. Because ethanol lacks a specific
receptor, the mechanism by which ethanol initiates apoptosis in this cell population is
incompletely understood.

Using a chick embryo model in which neural crest development is well understood, we
found that ethanol exposure at any time during gastrulation (stage 4, neural crest
specification), neurulation (stage 6, neural crest induction) headfold formation (stage 8,
neural crest expansion) and the onset of neural crest migration (stage 10, 10 somites)
produces significant cell death within neural crest. Interestingly, regardless of when the
ethanol is administered within that window, the apoptosis itself does not occur immediately
and instead largely occurs at stage 12/13- (16-18 somites), a time that coincides with the
endogenous cell death normally observed within a subset of hindbrain neural crest
(Cartwright and Smith, 1995; Cartwright et al. 1998). This suggested that ethanol disrupted
one or more events crucial to the early induction and expansion of these premigratory neural
crest populations. To elucidate this mechanism we investigated the early cellular signaling
events that are altered by acute ethanol exposure. Those studies revealed that clinically
relevant ethanol concentrations cause the rapid mobilization of intracellular calcium (Ca;*2)
stores within the premigratory neural crest progenitors that reside in the dorsal neural folds
(Debelak-Kragtorp et al. 2003). We found that this Ca;*2 transient originates from ethanol’s
activation of G protein-coupled signaling via Gajy/3 and GBy (Garic-Stankovic et al. 2005,
2006), which in turn activates phospholipase Cp and phosphoinositide-mediated release of
Ca;*2 stores. Chelators of intracellular calcium prevent both the ethanol-induced Ca;*2 rise
and the resulting cell death (Debelak-Kragtorp et al. 2003), thus normalizing neural crest
survival. Why this ethanol-induced Ca;*2 transient initiates neural crest apoptosis is
unknown.

One potential target of ethanol’s Ca;*2 transient is non-canonical Wnt/Ca signaling and its
central effector B-catenin. B-catenin is a bifunctional protein that is crucial for neural crest
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development. In one role, B-catenin interacts with E-cadherin and the actin cytoskeleton and
contributes to cell adhesions (Lein et al. 2006). In its other function, B-catenin is a
transcriptional effector within the canonical/non-canonical Wnt signaling pathway (reviewed
in MacDonald et al. 2009). Wnt/B-Catenin/TCF signals have multiple, essential roles in
neural crest development (reviewed in Yanfeng et al. 2003). In the early embryo, Wnt/B-
catenin contributes to cranial neural crest induction and expansion, and Wnt/B-catenin loss-
of-function produces widespread neural crest apoptosis and craniofacial deficiencies (Brault
et al. 2001; lkeya et al. 1997). B-catenin modulates neural crest migration (De Melker et al.
2004), and, later in development, promotes neural crest differentiation into melanocyte and
sensory neuron fates (Dorsky et al. 1998; Lee et al. 2004). Many of these actions are
attributed to B-catenin’s transcriptional activity.

Two intersecting pathways act at the posttranslational level to regulate -catenin’s stability
and thus its transcriptional activity. In the canonical Wnt pathway, secreted Wnt
glycoproteins interact with their cell surface Frizzled receptors to inhibit the protein kinase
GSK3p (MacDonald et al. 2009). In the presence of Wnt/Frizzled signals, B-catenin interacts
with T cell transcription factor/lymphoid enhancer factor (TCF/LEF) proteins to initiate
transcription. When Whnt signal is absent, GSK3p is no longer silenced and it phosphorylates
[3-catenin and targets the protein for ubiquitination and proteosomal destruction. In the
noncanonical Wnt pathway, Ca;*2 signals originating from G protein activity similarly
initiate the phosphorylation and destabilization of B-catenin, albeit in a GSK3p-independent
manner, and also deplete nuclear f-catenin and terminate its transcriptional activity (Kohn
and Moon, 2005). Because -catenin is essential for neural crest survival and can be
destabilized by intracellular calcium, we hypothesized that ethanol and its Ca;*2 transient
might dysregulate p-catenin and its transcriptional activity, and these changes might in turn
be responsible for the neural crest losses. Here we identify the dysregulation of
transcriptionally active 3-catenin as a key target of ethanol’s developmental pathogenicity.
Ethanol’s suppression of B-catenin/TCF signaling mediates the neural crest losses in this
avian model of FAS.

Embryos and Ethanol Treatment

Fertile white leghorn chick eggs (W98, Hyline, Spencer, IA; SexLink, Sunnyside Farms,
Beaver Dam, WI) were incubated to the desired developmental stage (Hamburger and
Hamilton, 1951); all studies compared embryos that were precisely matched in somite
number and developmental stage. For /n ovo studies, saline or 0.43 mmol ethanol in isotonic
saline was injected into the egg yolk center at stage 8/9; this produces a peak embryonic
ethanol concentration of 50-60 mM for 1-1.5 hr (Debelak and Smith, 2000). Ex vivo studies
incubated stage 8/9 embryos 2hr in Tyrode’s buffer £ 52 mM ethanol; this ethanol
concentration causes half-maximal calcium release in these embryos (Garic-Stankovic et al.
2006). Some embryos were pretreated with Bapta-AM (1 mM, 15 min) or ionomycin (50
UM, 5 min) prior to ethanol challenge. Although developmental stages from gastrulation
(neural crest induction) through cranial neural tube formation (early neural crest migration)
are equally sensitive to ethanol-induced apoptosis (Cartwright and Smith, 1995; Cartwright
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et al. 1998), studies herein use ethanol treatment at stage 8/9 (neural crest expansion) for
uniformity.

Calcium Imaging

Ratiometric visualization and quantitation of intracellular calcium release using Fura2 was
performed exactly as described previously (Garic-Stankovic et al. 2009).

Cell Death Analysis

Cell death was visualized at HH12/13- using LysoTracker Red (0.5 uM, Invitrogen), which
we and others have shown detects apoptotic death in the early embryo FAS model
(Cartwright et al. 1998; Dunty et al. 2006). Neural crest cells were visualized using
immunostain for the neural crest markers S/ug (#27568, 1/1000, AbCam, Cambridge MA)
or Sox9(1/1000, Abcam) followed by Alexa488-conjugated secondary antibody.
Experiments evaluated 15-20 embryos per treatment and were performed in at least
triplicate. To quantify neural crest death, we counted the total number of s/ug™ (Sox9") and
LTR*slug* (Sox9") cells residing in the dorsal neural roof and adjacent lateral quadrant, in
transverse sections through r4 and r6. We enumerated 6-10 sections per embryo and 3-4
embryos per treatment, counting >100 s/ug* cells per embryo and normalized to the number
of sections counted.

p-Catenin Immunostain

HH8 (3-4 somites) embryos were challenged 2hr with saline or ethanol and then were fixed
in Dent’s solution and immunostained for B-catenin with antibody #15B8 (1/1000, Novus
Biologicals, Littleton CO) and Alexa 488-conjugated secondary antibody. DAPI counterstain
visualized nuclei.

Western Analysis

Protein isolated from somite-matched HH8/9 embryos was separated on a 7.5% SDS
acrylamide gel, analyzing one dissected head per lane. Proteins were transferred using semi-
dry electrophoresis to a PVDF membrane (Immobilon-P, Millipore, Billerica MA). Primary
antibodies were directed against f-catenin (15B8, 1:50,000), phospho-p-catenin (#9561,
1/1000, Cell Signaling, Danvers MA) and GAPDH (#G8795, 1:50,000, Sigma). Secondary
antibodies conjugated to horseradish peroxidase (1:50,000, Southern Biotech, Birmingham
AL) were detected using the SuperSignal West Pico chemillumination kit (Pierce, Rockford
IL). Membranes were exposed to x-ray film and scanned densitometrically (OptiQuant
Acquisition and Analysis v4.0, Packard Instruments, Palo Alto CA). Experiments analyzed
three embryos per treatment and were performed in at least triplicate.

Real-Time PCR

RNA was isolated from a pool of 5-6 stage-matched crania, dissected at the boundary
between somite 2 and somite 3, using the Ambion Melt Total Nucleic Acid Isolation Kit.
Primer sequences are presented in Supplemental Table 1. Real-time PCR was performed as
described (Flentke et al. 2004) except cDNA was synthesized using random hexamers and
ImProm-11 reverse transcriptase (Promega, Madison WI) according to the manufacturer.
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Amplification was performed using an ABI Prism 7000 (Applied Biosystems, Foster City
CA) and the ABI SYBR Green PCR Master Mix. Expression was normalized to GAPDH
content. Mean relative expression change was calculated using the 2722CT method (Livak
and Schmittgen 2001). Samples were run in triplicate and each gene was analyzed in 3-5
separate experiments.

Electroporation and Cell Death Assays

cDNA encoding eGFP and the parent expression vector pPCAGGS (Niwa et al. 2001) were
kind gifts of T. Suzuki. The p-catenin construct was obtained from Addgene (#13435,
Cambridge MA,; Lee et al. 2001). The ATCF construct (Addgene #14019; Kardon et al.
2003) lacks the B-catenin binding domain (amino acids 2-50) and thus has dominant-
negative activity. Constructs were used at a 3:1 ratio (1.2:0.4 pg/ul) of experimental:eGFP
cDNA. DNA (2 ul in Fast Green) was injected into the lumen of the HH9 posterior
hindbrain, and embryos were immediately electroporated (20V/100 msec on, 999.9 msec
off, 5 pulses; CUY-21, Protech International) using 1 mm platinum electrodes with a fixed 4
mm gap. Eggs were injected 3hr later with saline or 0.43 mmol ethanol.

At HH12/13-, 20 hr later, cell death and neural crest numbers were visualized as described
above using LysoTracker Red and s/ug immunostain. The electroporation efficiency was
visualized using eGFP fluorescence; embryos lacking eGFP in r4/5/6 were discarded from
analysis. An experiment evaluated 15-20 embryos per treatment and was performed in at
least triplicate. We counted the total number of slug* (Sox9*) and LTR*slug™ (Sox9™) cells
residing in the dorsal neural roof and adjacent lateral quadrant, in transverse sections
through r4 and r6. We enumerated 6-10 sections per embryo and 3—4 embryos per treatment,
counting > 100 slug™ cells per embryo and normalized to the number of sections counted.

B-Catenin/TCF Luciferase Reporter Assay

To measure endogenous transcriptional activity of the B-catenin/TCF complex, embryos
were electroporated as above with the B-catenin/TCF reporter construct pBARL or pfuBARL
(5 pg/ul; kind gift of R. Moon) + CMV-Renilla vector (0.06 ug/ul; Promega) in dilute
Methyl Green, because redox-active dyes inhibit the catalytic FAD in luciferase (Kurfurst et
al. 1982). pBARL contains twelve functional -catenin/TCF response elements upstream of
luciferase, and pfuBARL contains mutated B-catenin/TCF sites that eliminate transcriptional
activity (Biechele and Moon 2008). For the forced expression studies, p-catenin or ATCF
were co-electroporated with pBARL and CMV-Renilla at 5:2:0.06 pg/ul. Eggs were injected
3hr later + 0.43 mmol ethanol and the dissected crania were isolated 21 hr thereafter.
Enzyme activity was quantified using a modification of the Dual Luciferase Reporter Assay
System (Promega). Individual crania were ultrasonic homogenized (Branson) on ice using
the Passive Lysis Buffer (Promega) and spin-clarified. The assay was otherwise run per
manufacturer’s suggestions. Signal was quantified using an EG&G Berthold Lumat LB9507
luminometer. Luciferase values were normalized to Renilla activity. Extracts were assayed in
duplicate with 6-8 embryos per treatment; experiments were run in at least duplicate.
Purified luciferase and Renillaenzymes were from Promega.
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Normally distributed data were subjected either to unpaired #test or to one-way ANOVA and
the appropriate post-hoc analysis as indicated, using SigmaStat v.2.0 (Systat Software, Point
Richmond, CA). Data not normally distributed were analyzed using Kruskal-Wallis one-way
ANOVA on ranks and the nonparametric version of Dunn’s post hoc analysis, again using
SigmaStat. £<0.05 was the criterion for significance. Results are presented as mean + SEM
unless otherwise indicated.

Transient Ethanol Exposure Causes Neural Crest Cell Death

As we showed previously (Debelak-Kragtorp et al. 2003; Garic-Stankovic et al. 2005)
transient exposure of early somite-stage embryos (2-5 somites) to 50-60 mM ethanol
caused a significant rise in Ca;*2 levels within the neural folds and including the neural crest
progenitors (compare signal at asterisks, Fig. LA-C). Eighteen hr thereafter this Ca;+2
transient caused significant cell death within neuronal populations within the midbrain and
hindbrain rhombomeres (compare signal at arrows, Fig. 1D, E). The ethanol-induced cell
death coincided temporally and spatially with the well characterized programmed apoptosis
within the subset of neural crest progenitors that reside within these regions (Fig. 1D; Ellies
et al. 2002). We found that many of the affected cells expressed the transcriptional repressor
slug, which demarcates premigratory and early migratory neural crest at this developmental
stage (compare green and red signal at arrows, Fig. 1F, G). Their dorsal hindbrain position
further endorsed their neural crest identity (LeDouarin and Kalcheim 1999). Few dead cells
were observed in equivalent regions of control hindbrain (Fig. 1F).

Ethanol Selectively Reduces Nuclear p-Catenin

To identify the downstream targets of ethanol’s calcium transient that are responsible for this
cell death, we examined the distribution of B-catenin, which is a known calcium target. Prior
to neural tube closure, neural crest progenitors inhabit the dorsal aspect of the elevating
neural folds (boxed region, Fig. 2A; LeDouarin and Kalcheim 1999). Cells within the dorsal
neuroepithelium, including neural crest progenitors, were substantially enriched in -catenin
protein, as compared with the underlying ventral populations. Within the neural crest
progenitors, p-catenin immunostaining was observed in the nucleus (arrows in enlargement,
Fig. 2A); signal was also observed along the cell border and likely reflected its association
with cadherin (Lein et al. 2006). This distribution pattern was consistent with previous
reports for B-catenin expression within premigratory cranial neural crest (Brault et al. 2001;
Maretto et al. 2003; Yanfeng et al. 2003). We found that brief (2hr) exposure to 52 mM
ethanol substantially reduced p-catenin protein levels within the neural folds, an effect that
was especially pronounced within dorsal populations including the neural crest (Fig. 2A, B).
Within this population, high magnification revealed that the 3-catenin losses were most
apparent within the nuclear compartment and might also affect the cytoskeletal-affiliated
levels (insert, Fig. 2B).

Western blot analysis confirmed the histochemical findings and demonstrated that ethanol
exposure significantly reduced (3-catenin levels in a dose-dependent manner (Fig. 2C, D). At
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higher ethanol concentrations, we detected lower molecular weight signals that suggested
the presence of proteolytic fragments, a finding consistent with the proteosomal degradation
mechanism commonly used to regulate nuclear B-catenin content (MacDonald et al. 2009).
This was confirmed by western analysis for phospho-p-catenin, which revealed the presence
of multiple, lower molecular weight bands consistent with a phosphorylation and proteolysis
mechanism for -catenin depletion (Fig. 2E).

j-catenin exerts its cellular activity, in part, through its interaction with transcriptional
effectors of the TCF/LEF family. To ascertain whether the ethanol-induced p-catenin loss
affected its transcriptionally active form as part of the $-catenin/TCF/LEF complex
(hereafter B-catenin/TCF), we electroporated the early hindbrain /n vivo with the luciferase
reporter construct pPBARL, which has 12 TCF/LEF binding sites in its promoter region and
thus is selectively induced by p-catenin/TCF (Biechele and Moon, 2008); the negative
control pfuBARL contains nonfunctional mutant sites. At this developmental stage the
dorsal neural progenitors including neural crest are the predominant source of nuclear -
catenin and -catenin-mediated reporter activity within this tissue. Ethanol treatment
significantly reduced pBARL but not pfuBARL reporter activity in a dose-dependent manner
(Fig. 3A). Ethanol inhibited pBARL transcription at doses as low as 0.11 mmol/egg,
indicating that its activity against this transcriptional pathway was quite potent. Ethanol did
not inhibit purified luciferase or Renilla enzymes. In this in ovo exposure model, embryonic
ethanol concentrations return to baseline (< 9 mM) by 3 hr following ethanol addition
(Cartwright et al. 1998;Debelak and Smith 2000). Luciferase activity was quantified 21 hr
after ethanol administration, indicating that ethanol’s reduction of pBARL transcriptional
activity was long lasting.

Although nuclear B-catenin is typically regulated at the level of protein phosphorylation and
turnover, one explanation for its rapid loss could be that ethanol dysregulated one or more of
the Wnts and accessory proteins that act upstream of -catenin to govern its nuclear stability.
Neural crest expresses several of these during this developmental period, including the
positive effectors Wntl, Wnt5a, Wnt6, Wnt9a, and Wntl11, and the negative effectors APC,
GSK3p and sFRP2. We found that ethanol treatment did not alter the short-term expression
of these Whnit effectors within the 2hr time period of nuclear p-catenin loss (Fig. 3B). Ethanol
treatment also did not affect the transcript levels encoding B-catenin itself (92 £ 7% of
control levels). Thus the nuclear B-catenin reductions caused by ethanol exposure were not
attributed to transcriptional changes in either 3-catenin or the upstream Whnt signals that
stabilize the nuclear protein.

Ethanol Reduces B-Catenin’s Transcriptional Activity

The loss of B-catenin suggested that transcription of 3-catenin/TCF target genes would be
impaired following ethanol challenge. We evaluated the expression of neural crest genes that
are known transcriptional targets of p-catenin/TCF, including FoxD3, Slug, and Wnt6
(Garcia-Castro et al. 2002; Kos et al. 2001; Taneyhill and Bronner-Fraser 2005; Tribulo et al.
2004; Yanfeng et al. 2003). Six hr after 52 mM ethanol challenge, the cranial neural crest
had significantly reduced mRNA levels of three B-catenin targets, FoxD3, Slug, and Wnt6
(Fig. 4A). Ethanol treatment did not affect the expression of Bmp4, Tgfs2and Snail2, neural
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crest genes whose transcription is f-catenin-independent. Thus the ethanol-induced loss of -
catenin was functionally relevant and was accompanied by significant and selective
reductions in B-catenin/TCF-mediated transcriptional activity.

Given the persistent reduction of $-catenin reporter activity following ethanol challenge, we
investigated whether there was a similar, lasting reduction in endogenous [3-catenin/TCF-
mediated transcriptional activity within neural crest. f-catenin has distinct actions in pre-
migratory versus post-migratory neural crest (De Melker et al. 2004; Yanfeng et al. 2003).
Because neural crest sensitivity to ethanol is greatest during the pre-migratory period
(Cartwright et al. 1998), we evaluated the consequences of ethanol challenge to gene
expression during neural crest induction through the onset of their migration. We found that
ethanol’s repression of B-catenin/TCF-mediated signaling was long lasting, with respect to
the developmental time scale. Ethanol exposure rapidly and significantly reduced the
expression of Wnt-dependent transcripts as compared with controls (Fig. 4B). Importantly,
FoxD3and Wnit6, which are key contributors to neural crest establishment (Garcia-Castro et
al. 2002; Kos et al. 2001), were significantly repressed throughout the premigratory
induction period even though ethanol levels had dropped to < 9 mM (Debelak and Smith
2000). This repression was selective because expression of the 3-catenin/TCF-independent
neural crest transcripts, Snail, Tgfp3, and Bmp4, was largely unaffected by ethanol
treatment. Both sets of transcripts, f-catenin/TCF-dependent and -independent, were
significantly reduced at HH12/13, when ethanol-induced cell death occurs. We conclude that
ethanol caused a specific and selective repression of 3-catenin/TCF-mediated transcriptional
activity and adversely affected the expression of genes critical for neural crest development.
Moreover, this repression persisted throughout premigratory neural crest morphogenesis.

B-Catenin Loss Initiates Neural Crest Apoptosis

Because one role of B-catenin/TCF activity in early neural crest is to support cell survival
(Brault et al. 2001; Ikeya et al. 1997), we hypothesized that the loss of this activity was
responsible for the ethanol-induced cell death. We tested this by quantifying neural crest
survival following the forced expression /17 ovo of either p-catenin, which stabilizes -
catenin/TCF signaling (Lee et al. 2001), or dominant-negative TCF (ATCF), which represses
[3-catenin/TCF activity (Kardon et al. 2003). Expression of the parent eGFP reporter
construct controlled for non-specific effects. We verified the constructs’ effects upon f3-
catenin/TCF-dependent transcription using co-transfection of the pPBARL reporter.

In the presence of eGFP expression, ethanol again significantly suppressed TCF/LEF
reporter activity as compared with saline-treated controls (p < 0.05; Fig. 5A). eGFP
expression itself did not alter the effects of ethanol or saline upon neural crest. Levels of cell
death were comparable with that in untransfected neural crest as determined visually
(compare Fig. 6A, B and Suppl. Fig. 1A, D vs. Fig. 1F,G) and by quantifying the slug*
populations. Ethanol treatment significantly increased the number of apoptotic neural crest
(Fig. 5B, p< 0.05; compare red signal in Fig. 6A, B) and reduced neural crest numbers (Fig.
5C, p=0.025; compare green signal in Fig. 5A, B) in the eGFP controls.

As predicted, forced expression of 3-catenin significantly enhanced pBARL reporter activity
in saline-treated embryos (p < 0.05, Fig. 5A), showing that the construct was
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transcriptionally active. It also normalized the reporter activity following ethanol-treatment
although not to the level observed in saline-treatment plus B-catenin. p-catenin over-
expression also prevented ethanol-induced cell death in neural crest. Ethanol-treated
hindbrain with forced p-catenin expression had significantly fewer apoptotic neural crest
cells (Fig. 5B; p < 0.05) and significantly more s/ug* neural crest (Fig. 5C; p= 0.006), as
compared with eGFP controls (compare red and green signal in Fig. 6B vs. D; compare
white signal in Suppl. Fig. 1D vs. E). Interestingly, B-catenin over-expression in the saline
controls similarly reduced neural crest apoptosis (Fig. 5B, p=0.05) and elevated slug* cell
numbers (Fig. 5C, p=0.001), suggesting that -catenin had pro-survival effects upon the
neural crest subpopulations that were normally fated to undergo programmed cell death.

Conversely, if the p-catenin transcriptional loss was responsible for the ethanol-induced
apoptosis, then targeted inactivation of p-catenin/TCF activity should adversely affect neural
crest survival. The ATCF construct lacks the p-catenin binding site but still binds DNA via
its C-terminal HMG box and thus is a dominant-negative repressor of p-catenin/TCF
transcriptional activity (Kardon et al. 2003). Forced ATCF expression strongly suppressed
pBARL reporter activity regardless of ethanol treatment status (Fig. 5A, p< 0.05). In both
treatment groups ATCF substantially and significantly increased neural crest cell death (p <
0.005, Figs. 5B, 6E,F, Suppl. Fig. 1) and significantly reduced neural crest numbers to the
levels caused by ethanol treatment (p< 0.05, Fig. 5C). In the ethanol-treated embryos the
effects of ethanol and ATCF were not additive and did not significantly differ. This
suggested that ethanol and ATCF operated through a shared mechanism to adversely affect
neural crest survival.

Ethanol’s Ca;*2 Transient Mediates the B-Catenin Loss

Intracellular calcium transients originating from GPCR activity have been shown in several
model systems to destabilize -catenin, increasing its proteolytic removal and terminating its
transcriptional activity (Kohn and Moon 2005; Schneider et al. 2008). We tested whether the
ethanol-induced Ca;*2 transient was responsible for the p-catenin loss. Embryos were treated
with the intracellular calcium chelator Bapta-AM prior to ethanol challenge. We showed
previously that Bapta-AM prevents both ethanol’s Ca;*2 transient and the neural crest losses
(Debelak et al. 2001; Garic-Stankovic et al. 2005). Ethanol-exposed embryos treated with
Bapta-AM had normal -catenin expression within the dorsal neural folds including
premigratory neural crest (Fig. 7C) as compared with ethanol-only (Fig. 7B). Bapta also
altered neural fold morphology in a manner consistent with the requirement for calcium in
neural fold elevation (Ferreira and Hilfer 1993). In contrast, cranial neural folds exposed to
the calcium ionophore ionomycin were substantially depleted in -catenin to levels
comparable to ethanol (Fig. 7D), thus indicating that the B-catenin in these populations was
sensitive to calcium-mediated destabilization. The Bapta-mediated restoration of p-catenin
levels in ethanol-treated populations was accompanied by normalized B-catenin
transcriptional activity, as determined using the pBARL reporter assay (Fig. 8A). Evaluation
of Sox9* neural crest populations revealed that Bapta-AM pretreatment also prevented the
neural crest cell death (Fig. 8B) and rescued neural crest survival (Fig. 8C) in ethanol-treated
embryos. Taken together these data indicate that ethanol’s Ca;*2 transient mediated the loss
of B-catenin and its cell survival effects in this cell population.

Birth Defects Res A Clin Mol Teratol. Author manuscript; available in PMC 2016 April 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Flentke et al. Page 10

Discussion

Ethanol exposure during early embryogenesis causes significant cell death within the neural
crest and these losses contribute to the multiple neurochristopathies that partly characterize
FAS and FASD. The mechanism by which ethanol causes their apoptosis is uncertain. We
showed previously that a Ca;*2 transient originating from Gai2/3 signaling initiates their
apoptosis (Debelak-Kragtorp et al. 2003; Garic-Stankovic et al. 2005, 2006). Here we report
that a major target of this Ca;™ transient is the transcriptional effector p-catenin and the loss
of its activity mediates the neural crest losses. The ethanol-mediated destabilization of -
catenin loss occurred rapidly and at clinically relevant ethanol concentrations. It was
accompanied by a persistent reduction in its transcriptional activity and the loss of
downstream signals essential for neural crest development and survival including s/ug,
FoxD3and Wnité. Forced expression of 3-catenin in the presence of ethanol, as well as
blockade of the Ca;*2 transient, prevented the neural crest losses. Ethanol’s destabilization of
[3-catenin/TCF and its downstream products explains why the p-catenin-enriched
premigratory neural crest is sensitive to ethanol during this developmental period. This is the
first report that ethanol directly dysregulates 3-catenin signal transduction and its
transcriptional activity in any embryonic cell population.

The direct suppression of B-catenin/TCF transcriptional activity by ethanol is a novel
mechanism of ethanol’s neurotoxicity and has not been previously considered as a neural
target in acute ethanol exposure. Several studies report changes in Wnt/B-catenin in response
to ethanol treatment but most of these investigated chronic ethanol exposure and thus may
reflect compensatory cellular changes in response to ethanol challenge. The data are
strongest for bone, in which chronic ethanol treatment substantially reduces Wnt signaling
and the expression of Wnt effectors (Chen et al. 2010; Himes et al. 2008; Yeh et al. 2008).
This may be secondary due to the commensurate loss of BMP activity, although acute
ethanol can also rapidly deplete nuclear f-catenin from osteoblasts (Chen et al. 2010), a
finding consistent with our own studies with neural crest progenitors. For neurons the
findings are contradictory, with chronic ethanol exposure reducing the total p-catenin content
of cultured hippocampal neurons (Singh et al. 2009) but elevating B-catenin in the frontal
cortex of chronic alcoholics (Al-Housseini et al. 2008). These neuronal studies did not
distinguish between the cytoskeletal and nuclear pools and thus the functional consequences
of those changes are uncertain. Directly bearing on our work, Chen et al. (2010) recently
reported that 50 mM ethanol caused the rapid depletion of ectopic nuclear B-catenin from in
vitro osteoblasts and a commensurate reduction of B-catenin signaling, using a TopFlash
reporter similar to ours. Ethanol’s ability to rapidly repress Wnt/B-catenin signaling in two
distinct cell lineages suggests this action may represent a broader consequence of acute
ethanol exposure than has been previously considered. Wnt signaling is highly conserved
and is critical for numerous cellular processes including cell growth and proliferation, cell
fate specification, differentiation, positional identity, and cellular adhesion. It is important
not only in neuronal lineages but for a wide range of embryonic, fetal, and adult tissues. Our
data suggest that ethanol’s suppression of canonical Wnt signaling contributes to the
dysmorphic effects of ethanol, and may also contribute to ethanol’s effects upon fetal
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development and through adulthood. Thus p-catenin/TCF signals are thus a novel, direct
target of ethanol exposure.

These data also show that this loss of f-Catenin/TCF signaling underlies ethanol’s toxicity
and, specifically, it caused the neural crest losses in this FAS model. The forced expression
of p-catenin rescued the ethanol-treated embryos and prevented the neural crest apoptosis.
Conversely, p-catenin loss-of-function via ATCF overexpression was minimally sufficient to
cause the apoptosis. These findings are consistent with genetic models of p-catenin loss-of-
function, which show widespread cranial neural crest apoptosis at E9—-10.5 and craniofacial
hypoplasia (Brault et al. 2001). The pattern and timing of neural crest death in the loss-of-
function genetic model parallels that observed here and in murine FAS models (Cartwright
et al. 1998; Dunty et al. 2006). The results are consistent with the proposed function of f-
catenin to provide critical signals that enhance neural crest survival and prevent their
apoptosis. A possible effector of this apoptosis is the transcriptional repressor s/ug (also
known as snail2), which is a downstream target of 3-catenin. S/ug has been shown to inhibit
neural crest apoptosis by controlling the expression of apoptosis signals such as caspases
and XR11 (Bclz, Tribulo et al 2004). We found that S/ug expression was strongly
suppressed in our embryos just 6 hr after ethanol exposure. This loss of s/ug might
contribute to the neural crest apoptosis observed in this FAS model.

Our data show that ethanol also causes neural crest hypocellularity by suppressing signals
that govern neural crest specification and expansion, events supported in part by -catenin
(Brault et al. 2001; Dorsky et al. 1998; Garcia-Castro et al. 2002; lkeya et al. 1997; Yanfeng
et al. 2003). B-catenin induces several key effectors of early neural crest development
including FoxD3, Wht6, and slug (Garcia-Castro et al. 2002; Kos et al. 2001; Taneyhill and
Bronner-Fraser 2005; Tribulo et al. 2004). Ethanol treatment sharply reduced the expression
of these effectors, and such losses would impair these early developmental events and reduce
the number of neural crest progenitors available for craniofacial development. This
hypothesis is further supported by our demonstration that forced p-catenin expression was
sufficient to increase the number of cranial neural crest cells in both the ethanol and control
groups. We propose that the combination of increased apoptosis and reduced neural crest
expansion reduces the neural crest pool size and contributes to the neurochristopathies that
are observed in FAS. These data indicate that 3-catenin/TCF transcriptional activity is an
important regulator of premigratory neural crest survival. p-Catenin also has important roles
in later neural crest development, through its interactions with cadherin to promote neural
crest migration (de Melker et al. 2004; De Calisto et al. 2005) and though its transcriptional
stimulation of melanocyte and sensory neuron specification (Dorsky et al. 1998; Lee et al.
2004). Ethanol’s dysregulation of B-catenin may not be limited to the premigratory neural
crest period and could potentially explain the impaired neural crest migration (Rovasio and
Battiato, 1995, 2002) and sensory deficits associated with prenatal alcohol exposure. It will
be important to determine if the effects upon 3-catenin reported here are stage and cell type
dependent or instead reflect a broader impact of ethanol upon p-catenin activity.

Regulation of p-catenin’s transcriptional activity is largely post-translational, through the
phosphorylation of amino-terminal serines that signals the protein’s ubiquitination and
proteolytic degradation (reviewed in MacDonald et al. 2009; Sugimura and Li 2010).
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Signaling via the canonical Wnt pathway prevents this degradation and thus promotes the
activity of the p-catenin/Tcf transcriptional complex. However, we found that ethanol
exposure did not appreciably alter the expression of many of the canonical Wnt effectors
known to be present in neural crest, suggesting that a putative loss of canonical Wnt
signaling was unlikely to account for the B-catenin transcriptional losses. Instead, we found
that the Ca;*2 transient evoked by ethanol was responsible for the B-catenin loss. Calcium is
an established negative regulator of -catenin stability and transcriptional activity as a
component of the noncanonical Wnt/Ca pathway and its downstream effectors including
CaMKI|, protein kinase C, calpain, and calcineurin-NFAT (reviewed in Kohn and Moon,
2005; Sugimura and Li 2010). These first three proteins act by enhancing p-catenin
phosphorylation, ubiquitination and/or proteolytic destruction, whereas NFAT appears to
affect B-catenin levels at the transcription level. We found that ethanol significantly
increased the neural crest content of phospho-p-catenin and its proteolytic fragments,
suggesting that ethanol/Ca;*2 acted through one or more of these calcium-activated kinases
or proteases. Insight into this question may come from our recent demonstration that a major
downstream target of the calcium transient in these cells is the activation of CaMKIl;
suppression of CaMKI|I prevents the ethanol-induced cell death, whereas its constitutive
activation promotes neural crest losses (Garic et al., in press). CaMKII is a known effector of
the Wnt/Ca pathway through its activation by GPCR signaling (Kohn and Moon 2005). This
suggests that ethanol may have reduced f-catenin activity through its stimulation of GPCR-
mediated Wnt/Ca signaling, or by interacting with a GPCR that mimics or converges upon
Whnt/Ca pathways. Ethanol frequently alters cellular activity through its ability to bind
hydrophillic proteins, many of which are GPCRs (Mihic et al. 1997). Studies are underway
to investigate whether CaMKII activation contributes to the B-catenin destabilization
documented here.

Two other potential modulators of canonical Wnt signaling merit consideration. GSK3p is a
potent and negative effector of 3-catenin stability through its ability to phosphorylate p-
catenin and target it for ubiquitination and proteolysis (MacDonald et al. 2009). Importantly,
GSK3p activity can be significantly enhanced by acute ethanol exposure and its activation
contributes to ethanol’s neurotoxicity, as shown for Drosophila sensory neurons and mouse
cerebral cortex (French and Heberlein 2009; Liu et al. 2009). Although GSK3 activation is
thought to be calcium independent, we cannot rule out its possible contribution in this
model. Interestingly, caspase proteases have also been shown to cleave -catenin and inhibit
canonical Wnt signaling (Abdul-Ghani et al. 2011; Steinhausen et al. 2000; Van de Craen et
al. 1999). The cell death studied here is caspase-dependent (Cartwright et al. 1998);
although the precise timing of caspase activation in this model is not known, such an action
could also account for the p-catenin losses. Studies are underway to establish which of these
pathways mediates the p-catenin losses caused by acute ethanol exposure and its Ca;™2
transient in this neural crest model

In summary we show that the Ca;*2 transient triggered by clinically relevant ethanol
concentrations suppress B-catenin and its transcriptional activity within the developing
neural crest. This repression mediates the subsequent cranial neural crest losses observed in
this FAS model. B-catenin/Wnt signals also govern additional developmental events known
to be disrupted by gestational ethanol exposure including cardiac and limb morphogenesis,
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and neurodevelopment events such as neurogenesis, dendrite formation and synaptogenesis
(Gao et al. 2007; Mao et al. 2009; Miller et al. 2006; Serrano et al. 2010; Zechner et al.
2003). We suggest that ethanol’s dysregulation of p-catenin signaling could underlie the
seemingly diverse pathological outcomes in FAS.
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Figurel.
Ethanol exposure causes neural crest cell death. (A) Diagram of 3-somite embryo showing

boxed headfold region imaged for intracellular calcium. (B, C) Fura-2 imaging of
intracellular calcium in a 3-somite embryo following challenge with saline (B) and 52 mM
ethanol (C). Asterisk indicates dorsal neural fold enriched in neural crest progenitors. (D, E)
Cell death is visualized in 17-somite embryos using LysoTracker Red (LTR, white dots). (D)
Saline (Sal) control reveals programmed cell death at the dorsal midline of the midbrain
(mb) and hindbrain rhombomeres r1/2, r3 and r5 (arrows). (E) Ethanol treatment (52 mM)
substantially increases the number of LTR* cells within the midbrain and hindbrain
(compare signal at arrows). (F, G) Transverse histological sections through rhombomere 4 of
17-somite embryos immunostained for S/ug and cell death (LTR). Dorsal is at the top.
Saline-treated r4 (F) contains a substantial s/ug™ neural crest population (green signal at
arrow) with few apoptotic neural crest (red signal). In contrast, the ethanol-treated r4 (G) has
many apoptotic neural crest cells, shown in yellow (green-red overlay, arrows). OV, otic
vesicle.
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Figure 2.

Acute ethanol treatment rapidly depletes transcriptionally active f-catenin from neural crest.
(A, B) Transverse sections through presumptive hindbrain of 3-somite embryo treated 2hr
+ 52 mM ethanol, dorsal at top, and stained for 3-catenin protein (green) and nuclei (blue).
Control hindbrain (A) shows strong 3-catenin expression within dorsal regions including
dorsolateral populations enriched in neural crest progenitors (boxed region). In contrast,
ethanol-treated hindbrain (B) has significant -catenin loss in the nuclei of dorsal
populations including premigratory neural crest (arrows). Insets show magnified views of
boxed regions; arrows indicate nuclear signal. m, midline; nc, neural crest; nf, neural folds.
Scale bar equals 50 pm. Exposure time was constant between images. (C) Western blot
analysis confirms the dose-dependent loss of 3-catenin content following 2hr ethanol
exposure. B-catenin content is normalized to GAPDH. One-way ANOVA with Holm-Sidak
post-hoc analysis, * p < 0.01, ** p < 0.001 vs. 0 mM ethanol. Mean + SEM for 3-5
independent experiments. (D) Representative western blot shows the decline in 3-catenin
content with increasing ethanol concentration. Because each lane contains the total cranial
protein from a single embryo, there is loading variation between lanes that is normalized
against GAPDH content. Upper arrow, intact p-catenin; lower arrow, proteolytic fragments
of p-catenin. (E) Western blot showing the increased phospho-p-catenin content and lower
molecular weight protein fragments following 2hr challenge with 52 mM ethanol.
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Ethanol significantly reduced B-catenin/TCF transcriptional activity. (A) p-Catenin/Tcf
transcriptional activity measured using the pBARL luciferase reporter. Left side: Significant
decreases were found at all ethanol concentrations tested. Middle: No luciferase activity was
obtained using the pfuBARL reporter that contains mutant Tcf binding sequences. Right
side: Recombinant luciferase and Renilla luciferase were not inhibited by 52 mM ethanol.
Kruskal-Wallis one-way ANOVA on ranks with Dunn’s post hoc analysis, * p<0.05 vs. 0
mmol ethanol. Mean £ SEM of 4-6 experiments with 6-8 dissected crania/treatment
analyzed individually. (B) Treatment with 52 mM ethanol does not alter short-term
expression of canonical Wnt effectors in neural crest, as quantified using real-time PCR.
Within-treatment values were normalized against GAPDH expression. Transcript levels in
ethanol-treated neural crest were then normalized against the saline-treated levels. Shown is
mean + SD of 3-5 experiments using 25-30 pooled HH8/9 crania assayed in triplicate.
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Figure 4.
Ethanol selectively represses transcriptional targets of p-catenin/TCF signaling in neural

crest. (A) Transcript levels in HH9 neural crest 6hr after ethanol (52 mM) challenge,
normalized to saline controls (100%). Ethanol selectively reduced the expression of -
catenin/TCF-dependent neural crest genes Wnt6, FoxD3and Slug, but not the neural crest
genes 7gfp3, Bmp4 or Snail. Mean = SD of 5-6 pooled crania assayed in triplicate. * p
<0.05 using unpaired t-test. (B) Time course analysis revealed that ethanol’s reduction of
FoxD3 (¢) and Wnt6 (A) was developmentally persistent and the reduction in s/ug (O) was
transient. Expression of the $-catenin-independent genes Snail (a), Tgf32 (M) and Bmp4
() were largely unaffected until the onset of neural crest apoptosis (stage 12/13). Shown is
mean expression with SEMs omitted for clarity; these averaged 10-15% of mean values.
Values were normalized to GAPDH and expressed relative to saline controls (100%).
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Figure5.

[B-catenin/TCF misexpression alters ethanol-induced cell death and neural crest survival. (A)
[3-catenin/TCF transcriptional activity in neural crest expressing p-catenin/TCF constructs.
Ethanol treatment significantly reduces [3-catenin/TCF transcriptional activity and this is
normalized by forced expression of -catenin, whereas dominant-negative ATCF inhibits -
catenin/TCF activity in both treatment groups. Activities were normalized to eGFP-saline
controls. Mean = SEM of 3-4 experiments. *p<0.05 vs. saline-eGFP. (B) Quantitation of
LTR*-s/ug* neural crest following the indicated treatments. -catenin significantly reduced
the number of apoptotic neural crest in ethanol treated hindbrain, whereas ATCF increased
neural crest death to levels caused by ethanol. Mean = SEM of 3-4 embryos per group.
*p<0.05 vs. Saline-eGFP; t p<0.05 vs. Ethanol-eGFP. (C) Quantitation of s/ug" neural crest
cells following the indicated treatments. Forced expression of 3-catenin significantly
increased the number of s/ug* neural crest in both ethanol and saline-treated hindbrain,
whereas ATCF lowered those numbers to that caused by ethanol. Mean + SEM of 3-4
embryos per group. * p<0.025 vs. Saline-eGFP; T p=0.006 vs. Ethanol-eGFP. (A, B) were
analyzed using Kruskal-Wallis one-way ANOVA with Dunn’s post hoc analysis. (C) was
analyzed using one-way ANOVA and Student-Newman-Kuels post-hoc analysis
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Saline Ethanol

[3-catenin

ATCF

Figure 6.
Forced expression of B-catenin and ATCF alters ethanol-induced cell death and neural crest

numbers. Shown are transverse sections of the r4 dorsal roof, using representative embryos
analyzed in Figure 4. Arrows highlight individual s/ug* cells (green). (A, B) Ethanol (B)
appreciably increased the number of apoptotic s/ug* neural crest as compared with saline
controls (A). (C, D) Forced expression of B-catenin increased the number of s/ug* neural
crest and decreased the number of apoptotic s/ug* cells, following saline (C) and ethanol
treatment (D). (E, F) In contrast, ATCF substantially decreased the number of s/ug* cells
and increased the number of apoptotic cells within r4 following both saline (E) and ethanol
treatment (F).
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Figure 7.
Neural fold B-catenin content is altered by ethanol-induced Ca;*2 signals. Embryos having 3

somites were challenged with saline, ethanol and/or the indicated calcium effector, and j3-
catenin protein (green, arrows) was visualized 2hr thereafter. Righthand panels show a 40x
magnification of each right dorsal neural fold where premigratory neural crest resides. (A)
Saline-treated embryo has robust -catenin distribution in the dorsal neural folds (arrows).
(B) 52 mM ethanol substantially reduces p-catenin content in the dorsal neural folds. (C)
Embryo pretreatment with the Ca;*2 chelator Bapta-AM prior to 52 mM ethanol challenge
prevents B-catenin loss. (D) Treatment of otherwise normal embryos with the calcium
ionophore lonomycin is sufficient to deplete B-catenin from dorsal neural folds.
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Ca;*2 effectors modulate B-catenin transcriptional activity and neural crest survival. (A) B-

catenin/TCF transcriptional activity in neural crest treated with Bapta-AM + 52 mM ethanol,

measured using embryonic crania transfected with the pBARL luciferase reporter. Bapta
pretreatment reverses the ethanol-mediated suppression of -catenin/TCF transcriptional

activity. Results are normalized to saline controls. Mean + SEM of 3 experiments. (B)

Quantitation of Soxg" neural crest cells following the indicated treatments. Pretreatment

with Bapta-AM normalized the number of Sox9" neural crest in ethanol-treated hindbrain.
Mean + SEM of 3-4 embryos per group. (C) Quantitation of LTR*Sox9" neural crest

following the indicated treatments. Pretreatment with Bapta-AM significantly reduced the

number of apoptotic neural crest in ethanol-treated hindbrain to normal levels. Mean + SEM

of 3-4 embryos per group. (A, B) were analyzed using Kruskal-Wallis one-way ANOVA

with Dunn’s post hoc analysis. (C) was analyzed using one-way ANOVA and Student-
Newman-Kuels post-hoc analysis. *p<0.005 vs. saline, + p<0.05 vs. ethanol, ++ p<0.01 vs.

ethanol.
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Figure9.
Ethanol signaling pathway that initiates neural crest apoptosis. Shown is a summary of

published studies (Debelak-Kragtorp et al. 2003; Garic-Stankovic et al. 2005, 2006) and
results herein. Ethanol interacts with a G-protein-coupled receptor (GPCR) of unknown
identity to activate Gai2/3 and Gy. Within seconds, the latter stimulates Phospholipase Cf-
mediated synthesis of inositol-1,4,5-trisphosphate (Ins(1,4,5)P3) and calcium release
predominantly from intracellular stores. The mobilized calcium interacts with one of several
possible effectors, including CaMKII, Protein Kinase C or calpain to destabilize B-catenin
and terminate its transcriptional stimulation of the TCF/LEF complex. Alternately, ethanol
may destabilize B-catenin through its potential stimulation of GSK3b. The loss of B-catenin’s
transcriptional activity promotes apoptosis whereas its maintenance promotes the survival of
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neural crest and neuronal precursors. “?” indicates that the contribution of this signal to
ethanol-mediated cell death is unknown at this time.
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