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Abstract

Background: During early development, alcohol exposure causes apoptotic
cell death in discrete regions of the embryo which are associated with distinc-
tive patterns of later-life abnormalities. In gastrulation, which occurs during
the third week of human pregnancy, alcohol targets the ectoderm, the precur-
sor of the eyes, face, and brain. This midline tissue loss leads to the craniofacial
dysmorphologies, such as microphthalmia and a smooth philtrum, which
define fetal alcohol syndrome (FAS). An important regulator of alcohol-
induced cell death is the pro-apoptotic protein Bax. The current study deter-
mines if mice lacking the Bax gene are less susceptible to the pathogenic
effects of gastrulation-stage alcohol exposure.

Methods: Male and female Bax™~ mice mated to produce embryos with full

(/") or partial (*/7) Bax deletions, or Baxt'"

wild-type controls. On Gesta-
tional Day 7 (GD 7), embryos received two alcohol (2.9 g/kg, 4 hr apart), or
control exposures. A subset of embryos was collected 12 hr later and examined
for the presence of apoptotic cell death, while others were examined on GD
17 for the presence of FAS-like facial features.

Results: Full Bax deletion reduced embryonic apoptotic cell death and the
incidence of fetal eye and face malformations, indicating that Bax normally
facilitates the development of alcohol-induced defects. An RNA-seq analysis of
GD 7 Bax™* and Bax~/~ embryos revealed 63 differentially expressed genes,
some of which may interact with the Bax deletion to further protect against
apoptosis.

Conclusions: Overall, these experiments identify that Bax is a primary terato-

genic mechanism of gastrulation-stage alcohol exposure.

KEYWORDS

apoptosis, ethanol, eye defects, fetal alcohol syndrome, knockout mouse, RNA-sequencing

Birth Defects Research. 2022;1-15.

wileyonlinelibrary.com/journal/bdr2 © 2022 Wiley Periodicals LLC.


https://orcid.org/0000-0001-6598-5654
https://orcid.org/0000-0001-7290-9246
mailto:sparnell@med.unc.edu
http://wileyonlinelibrary.com/journal/bdr2
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fbdr2.2009&domain=pdf&date_stamp=2022-04-09

Society for

FISH ET AL.

&) ? hyf "
Birth Defects
, Research &
hit

~  Prevention

INTRODUCTION

1 |

Prenatal alcohol exposure (PAE) is one of the most pre-
ventable causes of birth defects. However, fetal alcohol
spectrum disorders (FASD) are common; conservative
estimates among first graders in the United States ranged
between 1 and 5%, and less conservative estimates found
as many as 9% of children had FASD (May et al., 2018).
The most severe FASD is fetal alcohol syndrome (FAS)
which is characterized by distinctive craniofacial appear-
ances that fall within the holoprosencephaly spectrum,
including a small or undefined philtrum, a thin upper
lip, narrowly spaced eyes, epicanthal folds, short palpe-
bral fissures, microphthalmia, and to a lesser extent,
small lower jaws and overall flat midface (Del Campo &
Jones, 2017). PAE also alters several brain structures and
central nervous system functions that cause people with
FAS to have cognitive and socio-emotional difficulties
(Kelly, Day, & Streissguth, 2000; Mattson, Crocker, &
Nguyen, 2011; Streissguth et al., 1991). These craniofacial
and brain malformations are due to alcohol exposures
during the gastrulation stage of development, which
takes place during the third week of pregnancy, a time
when many pregnancies are still unrecognized.

One of the challenges to understanding the etiology
of FASD is that PAE affects people differently and not all
exposures result in recognizable FASD. In fact, only an
estimated 4.3% of children will develop FAS following
heavy alcohol exposure (Abel, 1995). Like other terato-
genic exposures, the amount, duration, and timing of
PAE are factors that are often difficult to discern in clini-
cal studies, but that will nonetheless influence develop-
mental outcomes (Petrelli, Weinberg, & Hicks, 2018).
Moreover, genetic factors are very important in FASD, as
highlighted by a study in alcohol-exposed twins that
found that 60% of dizygotic twins had identical diagnoses
of FAS and similar IQ scores, while monozygotic twins
were 100% concordant for these traits (Streissguth &
Dehaene, 1993). These findings of broad genetic influ-
ences on PAE outcomes are supported by animal studies
demonstrating species and strain differences in response
to PAE, as well as those that reveal the role of specific
single genes (see, Eberhart & Parnell, 2016; Karacay &
Bonthius, 2015). These single gene manipulation studies
are also able to uncover the precise mechanisms by
which PAE can perturb development and delineate those
genes that are protective, and those which confer vulner-
ability to PAE.

Excessive embryonic cell death is a major pathogenic
mechanism for defects caused by PAE. During the gastru-
lation stage (Gestational Day 17-20 in human preg-
nancy), PAE targets the ectodermal tissue that is destined
to become the face and the brain, causing apoptosis

(Dunty Jr., Chen, Zucker, Dehart, & Sulik, 2001) and dis-
rupting vital cell signaling pathways, including Sonic
hedgehog (Shh; Ahlgren, Thakur, & Bronner-
Fraser, 2002; Boschen, Fish, & Parnell, 2021; Hong &
Krauss, 2012; Zhang, Ojiaku, & Cole, 2013). Embryonic
apoptosis is caused largely by caspase activation follow-
ing permeabilization of the mitochondrial outer mem-
brane (MOM), as opposed to activation of death receptors
through the extrinsic pathway (Voss & Strasser, 2020).
Bax (Bcl-2-like protein 4) is a pro-apoptotic effector pro-
tein that, like its partner Bak (Bcl-2-antagonist/killer 1),
mediates the MOM potential. Bax is a normally inactive
monomer prevented from accumulating in the mitochon-
dria by the anti-apoptotic protein Bcl-2. Cytotoxic stimuli
activate pro-apoptotic triggers, such as Bad, Puma, and
Noxa, which alleviate the repression of Bax by inhibiting
Bcl-2, and by directly activating Bax itself. Bax activation
involves several conformational changes that allow it to
join the mitochondrial membrane and oligomerize to
form pores that disrupt the MOM (Pena-Blanco &
Garcia-Saez, 2018).

The objective of the current study was to determine if
mice lacking the Bax gene are protected from the effects
of gastrulation-stage alcohol exposure. Full loss of the
Bax gene is not lethal and the mice develop without any
major developmental abnormalities, although Bax '/~
male mice are infertile (Knudson, Tung, Tourtellotte,
Brown, & Korsmeyer, 1995). More subtle effects of Bax
deletion have been observed, particularly in the brain
and eye, including increased neuronal number
(Deckwerth et al., 1996; White, Keller-Peck, Knudson,
Korsmeyer, & Snider, 1998), absence of size differences
in two sexually dimorphic nuclei (Forger &
Peskin, 2005), cerebellar migration defects (Jung
et al., 2008), increased retinal cell numbers, glial cell den-
sity, and altered microglial shape (Kawai et al., 2009; Mac
Nair, Schlamp, Montgomery, Shestopalov, &
Nickells, 2016; Mosinger Ogilvie, Deckwerth, Knudson, &
Korsmeyer, 1998). Importantly, Bax deficiency reduces
neuronal and retinal cell death resulting from various
injuries (Deckwerth et al., 1996; Robinson, Conley, &
Kern, 2003; Semaan, Li, & Nickells, 2010; W. Sun &
Oppenheim, 2003), including alcohol exposure. The role
of Bax in FASD has been explored in third trimester-
equivalent models of cerebellar and neocortical cell death
(Britton & Miller, 2018; Heaton, Paiva, Madorsky, Siler-
Marsiglio, & Shaw, 2006; Young et al., 2003); in each of
these models, Bax deletion protects against neuronal loss.
However, it is unclear whether Bax plays a role in
alcohol-induced cell death occurring during gastrulation,
before the onset of neurogenesis. We hypothesized Bax
deletion would protect mice from developing gastrulation
alcohol-induced craniofacial and brain dysmorphologies.
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2 | METHODS
2.1 | Animals

Female and male mice on a C57BL/6 background, het-
erozygous for a Bax gene deletion were bred in the labo-
ratory from founders generously donated by Mohanish
Deshmukh (UNC Chapel Hill, originally obtained from
Dr Stanley Korsmeyer (Knudson et al., 1995)). Timed
pregnancies were established by housing one or two nul-
liparous female Bax™'~ mice with one Bax™'~ male for
1-2 hr. Gestational day (GD) 0 was defined as the begin-
ning of the breeding period in which a copulation plug
was detected. All mice lived in ventilated, polycarbonate
cages containing a polycarbonate hut, nesting material,
and cob bedding. Food (Purina Isopro RMH 3000, Purina,
St. Louis, MO) and water were freely available through a
wire food hopper and a drinking spout. The vivarium
was 21 +1 °C and 30-40% humidity and had a 12:12
light: dark cycle (lights on at 7:00 a.m.). All experiments
followed the NIH guidelines using methods approved by
the IACUC of University of North Carolina at
Chapel Hill.

2.2 | Genotyping protocol

Genotyping for Bax DNA was performed on tail or
embryonic tissue using the primers: mutant forward
CCG CTT CCA TTG CTC AGC GG; wild-type forward
GAG CTG ATC AGA ACC ATC ATG; common GTT
GAC CAG AGT GGC GTA GG.

2.3 | Prenatal alcohol exposure

Pregnant dams were housed in groups no larger than
five. At GD 7, they received two intra-peritoneal (i.p.)
injections of 25% ethanol (v/v in lactated Ringer's solu-
tion, LRS; n = 33 dams) at a 2.9 g/kg dose, given 4 hr
apart. This dosing caused peak blood alcohol levels of
~445 + 29 (SEM) mg/dl, taken 30 min after the second
injection from ~30 pl of tail blood analyzed using the
Analox AM1 (Analox Instruments, Toronto, ON). Control
dams (n = 28) were injected similarly with the vehicle
alone (1.5 ml/100 g body weight).

2.4 | Nile blue experiments

On GD 7.5 (12 hr after alcohol), control and PAE
embryos were collected following euthanasia of the dam.
Embryos were dissected from extra-embryonic

~  Prevention

membranes in 37°C LRS and the numbers of live, dead,
or resorbed embryos in each uterus were recorded. Nile
Blue working solution [1:10,000] was warmed to 37°C in
flat-bottom tubes prior to embryo immersion. Embryos
were incubated for 30 min in the 37°C oven then rinsed
briefly in LRS. Finally, specimens were photographed in
LRS and genotyped.

2.5 | Morphology experiments

On GD 17, fetuses were collected after CO, asphyxiation
and physical euthanasia of the dam. Fetuses were exam-
ined for facial and ocular malformations and tail samples
were obtained for genotyping. Based on externally visible
malformations, subsets of fetuses were drop-fixed in
either 10% buffered formalin or first photographed by a
MicroPublisher 5.0 digital camera (QImaging, British
Columbia, Canada) on a Nikon SMZ-U Stereoscopic
Zoom dissecting microscope (Nikon Corporation, Melville,
NY) using QCapture Suite software, and then drop-fixed
in Bouin's fixative. Ocular malformations were evaluated,
either at the time of dissection or later in formalin-fixed
specimens, by two independent evaluators who were
blinded to treatment and genotype, using a 7-point dys-
morphology scale modified from Parnell et al. (2006);
Parnell, Sulik, Dehart, and Chen (2010) and Gilbert
et al. (2016). A score for each eye was assigned based on
the following criteria: (a) normal globe size, normally
shaped pupil; (b) mildly microphthalmic or abnormally
shaped (but noncolobomatous) pupil; (c) mildly micro-
phthalmic with small, abnormally shaped (but non-
colobomatous) pupil; (d) moderately microphthalmic
with iridio-retinal coloboma; (e) severely microphthalmic
with iridio-retinal coloboma; (f) severely microphthalmic,
absent pupil; (g) apparently anophthalmic. For each fetus,
the score that reflected the more dysmorphic eye was used
for analyses. Image J software (https://imagej.nih.gov/ij/)
was used to measure the size of the lens and globe from a
subset of photographed fetuses. Heads of Bouin's fixed
specimens were cleared with 70% ethanol, then processed
using a Leica brand tissue processor and embedded in par-
affin. Serial 10-pm coronal sections were cut using a rotary
microtome, mounted onto glass slides, and stained with
hematoxylin and eosin (H&E). Stained sections were exam-
ined using an Olympus BX60 light microscope.

2.6 | Statistical analysis

Data on litter size and number of resorptions were ana-
lyzed with ¢ tests, while Chi-square tests compared the
proportion of fetuses with eye defects. Eye and globe sizes
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were compared with one-way analysis of variance
(ANOVA). Fetal dysmorphology data were considered
significant at the p < .05 level. RNA-seq comparisons
were considered significant with an adjusted p < .05.

2.7 | RNA isolation

On GD 7, untreated Bax™'~ dams were euthanized as
above. Under RNAse-free conditions, the embryos were
dissected from the placentas and staged for developmen-
tal age (see, Boschen, Ptacek, Berginski, Simon, &
Parnell, 2021). GD 7-aged embryos were freed from their
extra-embryonic tissue and placed in RLT Plus Lysis
Buffer (Qiagen, Germantown, MD) plus
B-mercaptoethanol and stored at —80°C. Extra-embryonic
tissue was placed into 14 ul of DNA lysis buffer (Allele-
In-One Mouse Tail Direct Lysis Buffer, Allele Biotechnol-
ogy, San Diego, CA) and genotyped for Bax. RNA was
isolated from Bax™/* (n = 6) and Bax™/~ (n = 6) embryos
using the RNeasy Plus Micro Kit (Qiagen) and RNA con-
centrations were determined with a Qubit Flex Fluorime-
ter (Thermo Fisher Scientific, Waltham, MA). No more
than two embryos of a given genotype were taken from
each litter.

2.8 | Whole transcriptome profiling

The UNC High Throughput Sequencing Facility per-
formed RNA sequencing (RNA-seq) using libraries pre-
pared with the SMARTr Ultra Low RNA amp (Clontech,
Mountain View, CA) and NexteraXT/NON Stranded kits
(Illumina, San Diego, CA). Paired-end (75 bp) sequencing
was performed on the Illumina HiSeq 4000. Reads were
quality-filtered if at least 90% of bases had a quality score
greater than 20 using fastq_quality_filter in FASTX 0.0.14
(http://hannonlab.cshl.edu/fastx_toolkit/index.html).
Adapter sequences were removed using cutadapt 1.12
(Martin, 2011). Reads were then aligned to the mm9 ref-
erence genome using STAR 2.5.2b (Dobin et al., 2013).
Salmon 0.11.3 (Patro, Duggal, Love, Irizarry, &
Kingsford, 2017) with RefSeq gene annotations quantified
post-alignment raw counts and RPKM values. One

embryo, originally genotyped as Bax ', had detectable
Bax mRNA and was not included in the final analysis.
Differential expression tests were performed on raw
counts using DESeq2 1.22.2 (Anders & Huber, 2010),
with significant differences defined by an adjusted
p value < .05. The gprofiler toolset (version
e104_eg51_pl5_3922dba; Raudvere et al., 2019) was used
to assess functional enrichment with the following data-
bases: Gene Ontology: Biological Processes, Cellular
Component, and Molecular Function; the Kyoto Encyclo-
pedia of Genes and Genomes; Reactome; Corum; Human
Phenotype Ontology; and WikiPathways. Additionally,
Gene Set Enrichment Analysis (GSEA) Version 7.4
(Mootha et al., 2003; Subramanian et al., 2005) using the
Hallmarks and Gene Ontology databases. Cytoscape
V3.8.2 (Shannon et al., 2003) was used to visualize the
GSEA data and correlations between differentially
expressed genes. For examination of chromosome 7, the
location of all genes was identified using the Mouse
Genome Informatics database (http://www.informatics.
jax.org/), and distance from Bax was designated as the
number of base pairs between the start (3’ end), or termi-
nus (5’ end) of Bax, and the nearest end (5' or 3’) for a
particular gene.

3 | RESULTS

3.1 | Fetal dysmorphology

The numbers of Bax™", Bax™'~, and Bax~/~ mice
followed a closely Mendelian ratio after either of the pre-
natal treatments (Table 1), confirming that full Bax dele-
tion was not lethal. However, alcohol-treated litters were
smaller (ts9 = 4.0; p <.001) and had more resorptions
(tso = 2.2; p = .03). The maintenance of Mendelian ratios
in the alcohol-treated litters indicates that Bax deletion
did not alter the effects of alcohol on fetal survival. About
14% of vehicle-treated Bax™" and Bax"/~ fetuses had a
minor eye defect (Figure 1), primarily on the right side, a
rate consistent with our past studies using C57BL/6J mice
(Parnell et al., 2006; Parnell et al., 2010). The full Bax
deletion had a 5% higher incidence of background eye
defects (19.1%, X; = 0.19; p = .66), indicating a modest

TABLE 1 Litter characteristics for vehicle and alcohol treatments of Bax heterozygous dams
Litter (n) Live fetuses Resorptions % GT (H/*, =,/ nby GT (*/+, /=, /)
Vehicle 28 74 +0.3 0.11 + 0.08 27, 50, 23 57,104, 47
Alcohol 33 5.7 + 0.3* 0.55 + 0.17* 28, 49, 23 71,125, 57

Note: Data for live fetuses and resorptions are expressed as the mean litter average (+SEM). Emboldened values with asterisks indicate significant differences

+/+.

between vehicle- and alcohol-treated litters (p < .05). GT: genotype; ™" wild-type;

+- heterozygous; =/~ full knockout.
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role of Bax in normal eye development. Analysis of lens
and globe size in a subset of fetuses revealed that sponta-
neous defects in the right eyes were very similar between
the Bax™'* and Bax~'~ fetuses, involving a smaller lens,
but a normal-sized globe, and therefore decreases in the
ratio of lens to globe size (Figure S1). In contrast,
alcohol-induced eye defects tended to be associated with
reduced size of both the lens and the globe, and therefore
no change in the lens:globe ratio (Figure S1). As observed
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in C57BL/6J mice, about 50% of alcohol-treated Bax™'*
fetuses had an eye defect (53.5%, a 39.5% increase above
background; X; = 19.7; p <.001 vs. Vehicle; Figure 1)
which ranged in severity from minor decreases in globe
size to complete anophthalmia (Table 2). Severe FAS-like
facial dysmorphologies occurred in 2/71 wild-type fetuses
(2.8%) which included tissue loss in the maxilla
corresponding to the lip notch, cleft palate, and disrup-
tions in the vomeronasal organ, as well as the brain

60 - Eye Score
| 5 vs. Veh
[— 3

- E==) 4 *
§ 45 { @mEE 5 vs. Veh
3 I 6
P . 7
o 4
1)
=
T 30 A A
3 vS. +/+, +-
3 1 [———]
©
[
L
9]
2 15 4

o -

Bax Genotype +/+ /- /-
Prenatal Treatment Veh Alc Veh Alc Veh Alc

FIGURE 1

Effects of gastrulation-stage alcohol and Bax genotype on the incidence and severity of fetal eye defects. Stacked bars portray

the percent of fetuses with at least one affected eye in each of the severity categories ranging from 2 (smaller globe or minor change in pupil
shape) to 7 (complete anophthalmia) for Bax™'*, Bax™~, and Bax~/~ fetuses (left, center, and right sets of bars, respectively). The eye score is
based on the most severely affected eye for each fetus. * denotes significance versus vehicle-treated fetuses of the same genotype, while the A
denotes significance versus the alcohol-treated Bax™* and Bax™~ fetuses (p < .05)

TABLE 2 Effects of Bax genotype and gastrulation-stage alcohol exposure on the severity of eye defects and incidence of FAS-like facial
dysmorphology
Eye defect severity score

Drug treatment 1 2 3 4 5 6 7 % FAS-like

Vehicle

+/+ 49 8 0 0 0 0 0 0

+/- 89 14 1 0 0 0 0 0

== 38 8 1 0 0 0 0 0

Alcohol

+/+ 33 25 8 2 2 0 1 2.8%

+/- 72 35 3 4 4 2 5 4%

== 43 12 1 1 0 0 0 2%

Note: The data for the most severely affected eye in each fetus are expressed as the number of fetuses with a score from 1 (unaffected) to 7 (anophthalmia). The
incidence of non-ocular craniofacial defects is expressed as the percent of fetus with an FAS-like dysmorphology.
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Alcohol FIGURE 2 Effects of Bax
genotype on alcohol-induced
Bax** Bax*- Bax”

septal area (Figure 2). Holoprosencephaly was also noted
in a severely affected fetus (not shown). While partial
Bax deletion did not significantly modify alcohol-induced
eye and craniofacial defects (42.4% had eye defects, a 28%
increase above background; X; = 23.3; p<.001
vs. Vehicle; Figure 1, Table 2; 5/125 had FAS-like cranio-
facial defects [4%]), full Bax deletion provided near com-
plete protection from alcohol-induced eye defects (24.6%
had eye defects, 5.5% increase from the background inci-
dence, X; = 9.8; p = .002 vs. alcohol-treated Bax"'";
X; = 4.6; p = .03 vs. alcohol-treated Bax"' ~; Figure 1,
Table 2) and only 1/57 fetuses (1.8%) had a minor FAS-
like facial dysmorphology (i.e., small reduction in the size
of the lip notch, with a minor right eye defect; Figure S2).
Unfortunately, the small lip notch in the Bax™/~ fetus

facial and brain dysmorphology.
Photographs of fetal faces (a—c)
and of hematoxylin—eosin
stained coronal sections through
the brain (d-1) are shown for
representative Bax™/*, Baxt/~,
and Bax ™'~ fetuses (left, center,
and right sets of images,
respectively). Arrows indicate
significant dysmorphology
including narrowly spaced eye
sockets (a), smooth philtrum,
absence of lip notch (a, b, d, and
e), cleft palate (g), and tissue loss
in the brain septal region (j and
k). These severe craniofacial
effects of alcohol were not
observed in the Bax™/~ fetuses
(c, £, i, and 1). Note, colors have
been adjusted to minimize
differences in hematoxylin-eosin
staining intensity

was not identified during the initial dysmorphology exam
and the fetus was placed in formalin, which does not pro-
vide sufficient drop fixation for the purpose of examining
brain sections. Most of the eye defects in Bax"'* fetuses
were in the right eye (a 48% vs. a 9% increase from back-
ground in the right and left eyes, respectively). A separate
analysis of the left and right eyes revealed that the
Bax~'~ fetuses had significantly fewer right eye defects
than did the Bax™'* fetuses, but there was no difference
in the left eye (Left, X; = 0.02; p = .88; Right, X; = 8.8;
p = .003; Figure S3A). Relatedly, if a Bax*’~ or Bax™/~
fetus was affected by alcohol, it was more likely to have
defects in both the right and left eyes than was a Bax"'"
fetus. Among affected mice, the incidence of bilateral
eye defects was 13% for Bax'* fetuses, but 47% and
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50% for Bax™'~ and Bax /" fetuses, respectively

(Figure S3B). Thus, while deletion of Bax provided
overall protection from alcohol-induced eye defects, its
protective effects were most apparent in the more sen-
sitive right eye.

To examine whether Bax deletion affected alcohol-
induced apoptosis, embryos were collected and stained
with Nile Blue Sulfate (NBS) 12 hr after GD 7 exposure
to alcohol or vehicle, a time point corresponding to the
highest levels of excessive apoptotic cell death (Kotch &
Sulik, 1992). As seen in Figure 3, alcohol-exposed
Bax"'* embryos had the highest observable levels of
apoptosis, which was localized to the putative ecto-
derm, consistent with previous findings (Dunty Jr.
et al., 2001). The Bax™'~ embryos exhibited some apo-
ptosis while little to no apoptosis was observed in the
Bax~'~ embryos.

(d)
Nile Blue Punctae
100 { == 0-9
= 10-19
- - >19
o 75 1
2
Q2
i
o« 50 1
o
ES
25 -
0 d
Bax Genotype +/+ *- /-
FIGURE 3  Effects of Bax genotype on alcohol-induced

apoptotic cell death. Panels (a—c) show representative images of
the cranial ectoderm side of GD 7 embryos stained with Nile Blue
to detect apoptosis. Dashed lines separate the embryo from the
extraembryonic tissue (EE). Panel (d) portrays pyknotic cell counts
for each of the Bax genotypes: Bax™/* (n = 8); Bax™~ (n = 8);
Bax™'~ (n = 4), expressed as a % of each genotype with low,

moderate, and high levels of cell death
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3.2 | Differential gene expression in GD
7 Bax '~ embryos

Overall, 63 genes were differentially expressed in the
Bax~/~ embryos compared with the Bax'/", including
39 down-regulated, and 24 up-regulated genes
(Figure 4A, Tables S1 and S2). Examining the chromo-
somal location of the differentially expressed genes
(DEGs) revealed that 31 of the 63 genes (27 down- and
four up-regulated) were located on chromosome 7 within
relatively close proximity to Bax itself (Figure S4;
Figure 4B). While most of the DEGs were consistent
between individuals of each genotype, one Bax '~
embryo had a pattern of expression for 17 genes that was
more similar to the Bax™' " embryos (Figure S5). Examin-
ing gene—gene interactions with Cytoscape software, cor-
relations between DEGs were relatively weak, with the
strongest correlations between down-regulated genes

(a) 180 4 O Down-Regulated I Up-Regulated
\ n=39 l n=24
° Bax |
3 o I ® —Gm15545
2 50 |
-] [
li 40 - 10 I
2 30 |
5 O
2 (®) [
g 201 ©°c0 I
10 |
C% | @ @
o L T T T T T
-4 -2 0 2 4
Log, Fold Change
(b)
4.5¢+6 - © Down-Regulated —
@ Up-Regulated >
;l% 3.0e+6
x
g Bcel2i12 Bax
§
= 1.0e+6 -
8
c 0.0 1
©
k7
0 -1.0e+6 -

417 450 475 501 525 550 563

Genes on Chromosome 7

FIGURE 4 Differentially expressed genes in Bax '~ and
Bax"'" GD 7 embryos. (a) Volcano plot showing the number of
genes significantly downregulated (cyan circles) or upregulated (red
circles) in Bax ™/~ embryos, as well as genes that were not
differentially expressed (black circles). (b) Portrayal of differentially
expressed genes located on chromosome 7 and their relative
proximity (bp) to Bax. Open circles indicate genes that were located
near Bax, but were not differentially expressed
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observed between Bcat2 and Cth; Collal and Rcn3. The
strongest correlations between up-regulated genes existed
between Itga4 and Itga7, Esrrb and NrObl, and Gjb3 and
Gjb5 (Figure S6).

To understand the possible roles of the DEGs, we first
examined their function using the published literature
(Tables S1, and S2). Most of the DEGs (up-regulated
genes are emboldened, down-regulated genes are under-
lined) were individually associated with key aspects of
embryonic/fetal development including: craniofacial/
eye/bone development (Cldn3, Bmp8b, Tmemll4,
Nosip, Rioxl, Tead2, Ptn, Collal, Rgs2, Atoh8, and Pnkp);
cell adhesion (Itgb4, Itga7, Carmil3, Rasipl, and Ushlc);
pluripotency (Plaur, Riox1, Saall, Josd2, Tead2, Ptn, and
Aktls1); and germ cell expression (Nr0b1, Bmp8b, Esrrb,
and Creb3l4). Many of these genes also have roles in the
stimulation of cancer cells (Itgh4; Plaur; Sycp3; Cldn3;
Inpp1; Ber; Creb3l4; Josd2; Pold1; Ptn; Collal; Pnkp; and
Klk8), while others may inhibit cancer cells (Nlrx1,
Atoh8, Penk, and Htatip2). Several inflammation
signaling-related genes were differentially expressed,
including: Itgb4 (anti-inflammatory); Plaur; Nlrx1; Pld4;
Carmil3; Irf3; and Penk (each are pro-inflammatory). It is
noteworthy that, in addition to Bax, a large number of
genes were associated with either the augmentation
(Tead2, Irf3, Rgs2, Penk, and Htatip2), or the inhibition
(Plaur, Ddahl, Bcr, Rioxl, Cth, Creb3l4, Rpsll, Poldl,
Aktls1, Pnkp, and Bcl2112) of apoptosis.

To determine if the DEGs were associated with dys-
regulation of specific pathways, we first used g:profiler.
However, owing to the relatively few DEGs, only 10 path-
ways were significantly altered, most of which shared
similar genes (Figure S7). We next used GSEA which
analyzes all genes based on the correlations in their
expression and the ranking of genes within a gene set,
rather than simply those that are differentially expressed.
Thus GSEA is predicted to uncover more potentially dys-
regulated pathways than g:profiler. The Hallmark path-
way analysis revealed that Bax’~ embryos had 27/50
significantly enriched pathways (21 positively- and six
negatively enriched pathways) as compared to Bax'/"
embryos (Figure S8). It was surprising that there was
only a trend (FDR-p = .085) toward negative enrichment
of apoptotic pathways in the Bax /=~ embryos. The
absence of a significant negative enrichment may have
been because while Bax and other genes (Bgn, Cavl)
were ranked lower in the Bax ™/~ embryos, their core neg-
ative enrichment was offset by other genes in this path-
way (e.g., Faslg, Gstml) that were ranked relatively
higher in the Bax /", but might play a smaller biological
role in the control of apoptosis as compared to Bax itself.
Overall, the Hallmark pathway analysis identified several
targets that may uncover the potential interplay between

Bax and other genes, but functional studies are needed
before drawing conclusions on the physiological impact
of these enriched gene sets.

A final GSEA examination of the RNAseq data was
conducted using the Gene Ontology data set, which
includes many more specialized gene sets than does the
Hallmark data set. Of the 5,326 reference gene sets, 98 were
found to be significantly enriched in either the Bax/~ or
Bax™'* embryos. Cytoscape identified that many of these
sets could be combined into two large clusters (Figure 5).
Positively enriched in the Bax /'~ is a large group (25) of
cholesterol- and lipid-related sets sharing many of the same
genes, with the largest enrichment surrounding Apoc2
(apolipoprotein C2), one of the top 50-ranked genes. Sev-
eral small enrichments are found in other apolipoprotein
genes, including Apoa, Apoe, as well as Pltp (phospholipid
transfer protein). Negatively enriched in the Bax /'~
embryos is a large group (18) of ribosomal- and
mitochondrial-related gene sets. These sets are enriched
due to the effects of a large number of low-ranked genes
(e.g., the ribosomal subunit set is enriched in 132/177
genes), rather than a few high-ranked genes, such as Bax
itself. Examples of such low-ranking genes include the
Mrpls, Mrps, (mammalian mitochondrial ribosomal large
and small subunit, respectively), Malsu (mitochondrial
assembly of ribosomal large subunit 1), ChchdI (coiled-
coil-helix-coiled-coil-helix domain containing 1), and Rps11
(ribosomal protein S11). The lipid and ribosomal/
mitochondrial clusters illustrate the advantage of GSEA
over analyses that only include DEGs, in that two key cel-
lular functions are identified that would not have been
predicted using DEGs alone.

In addition, 40 other gene sets were positively
enriched in the Bax ™/~ embryos (Table S3), with general
functions related to apoptosis, placental development,
coagulation, cellular membrane and permeability, gene
expression or replication, receptor binding and channel
activity, organelles, and other processes. Interestingly,
positive enrichment was found in gene sets related to
hydrogen peroxide and reactive oxygen species (ROS).
Eleven gene sets not related to ribosomes and mitochon-
dria were found to be negatively enriched in the Bax ™/~
embryos (Table S4), related to the general functions of
apoptosis, organelles, somite development, and remo-
deling. Bax itself was associated with all of these path-
ways, with the exception of somitogenesis and somite
development.

4 | DISCUSSION

Alcohol exposure during the developmental stage of gas-
trulation triggers interacting pathogenic cascades that
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cause the craniofacial and brain dysmorphologies charac-
teristic of FAS. Excessive ectodermal cell death was the
first described pathogenic mechanism (Sulik, Johnston, &
Webb, 1981) and more recent research has uncovered the
cellular events that orchestrate the transition from devel-
opmentally appropriate cell death to the excessive cell
death that ultimately compromises the fetus. The present
results uphold the role of apoptotic death in the expres-
sion of gastrulation stage alcohol-induced craniofacial
dysmorphologies, and importantly, highlight the critical,
pernicious role of Bax. Full deletion of the Bax gene
reduced the incidence of alcohol-induced eye, face, and
brain defects, while also minimizing cell death following
the alcohol exposure. Other than Bax itself, a relatively
small number of genes were differentially expressed
between untreated Bax™'" and Bax/~ embryos and

these genes may reflect the direct consequences of Bax
deletion or compensatory mechanisms that enable the
typical development of Bax '~ embryos. In addition to
the DEGs, the GSEA analysis revealed more global
changes in gene expression and highlighted several bio-
logical functions beyond apoptosis that may be affected
by Bax deletion.

The craniofacial and brain dysmorphologies observed
in the Bax™" and Bax™'~ fetuses are consistent in inci-
dence and severity with those previously observed in
mice on the C57BL/6J background (Dou et al., 2013;
Godin et al., 2010). The most frequent defects observed in
the Bax™'" and Bax'/~ fetuses were varying degrees of
microphthalmia, a common occurrence in children with
FASD (Del Campo & Jones, 2017). Some fetuses were
severely affected, demonstrating complete anophthalmia,
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facial dysmorphologies, and holoprosencephaly, consis-
tent with the idea that FAS falls into the
holoprosencephaly spectrum (Hong & Krauss, 2012,
2017; Lipinski et al., 2010; Sulik, 1984). At first glance,
these severe dysmorphologies might be surprising given
the relatively sparse ectodermal cell death detected by
the Nile Blue staining. However, the amount and pattern
of staining in the Bax™ " and Bax™~ embryos was simi-
lar to that observed previously in C57BL/6J mice (Dunty
Jr. et al., 2001). While Nile Blue is rapid and allows post-
processing genotyping, it captures only a snap-shot of the
total embryonic cell death (Sulik, Cook, &
Webster, 1988), which may persist beyond the currently
studied time window. At the mid- to late-gastrulation
stages measured herein, prior to optic evagination, the
ectodermal cell death observed here demonstrates death
in the cells that give rise to the forebrain and eyes. Most
importantly, apoptotic cell death was attenuated in the
Bax~'~ embryos, mice whose craniofacies were largely
unaffected by a gastrulation-stage alcohol exposure. The
very slight protection provided by the Bax™~ genotype
on embryonic cell death and the presence of particularly
severe facial dysmorphologies in the Bax'/~ fetuses do
not provide convincing evidence for a gene-dose effect,
but instead support the hypothesis that an all-or-none
threshold of Bax is required for gastrulation alcohol-
induced dysmorphologies, as also demonstrated for reti-
nal damage (Semaan et al., 2010). That Bax~/~ was not
fully protective against alcohol-induced dysmorphologies
(alcohol caused a small increase in the incidence of eye
defects and one Bax '~ had a relatively minor FAS-like
facial defect) suggests the involvement of other, Bax-inde-
pendent, mechanisms of teratogenesis. One possibility is
a partial substitution by Bak in the induction of mito-
chondrial cell death, or the involvement of the extrinsic
cell death pathway, the activity of which is unaffected by
Bax deletion (Mac Nair et al., 2016).

Previous research on the importance of Bax in FASD
models has focused on third trimester-equivalent expo-
sure which causes large amounts of neuronal cell death
in the cerebellum and regions of the cortex (Ahlers,
Karacay, Fuller, Bonthius, & Dailey, 2015; Britton &
Miller, 2018; Heaton et al., 2006; Heaton, Paiva, &
Kubovec, 2015; Young et al., 2003). The extension of
Bax's apoptotic role to the gastrulation-stage embryo
raises the question as to whether particular cell pheno-
types are spared or remain sensitive to alcohol-induced
cell death. Prior studies have shown that Bax affects sur-
vival of post-mitotic neurons, and not the neuronal pro-
genitor cells (D'Sa-Eipper et al., 2001; Jung et al., 2008;
Lindsten et al., 2000; Shi, Parada, & Kernie, 2005), but it
is unclear whether a similar distinction occurs during
gastrulation, prior to neurogenesis. Not all cells at

gastrulation will have progressed enough to develop the
capacity for apoptosis, and it is possible that these may
become sensitive only during a second wave of apoptosis
(Cartwright, Tessmer, & Smith, 1998; Olney et al., 2002;
Young et al., 2003). Nonetheless, there is now converging
evidence that Bax is necessary for alcohol-induced apo-
ptosis at different times in development and is therefore
critical to many different FASD outcomes. While we
report a role for Bax in craniofacial dysmorphology,
which is associated with major tissue loss, future studies
should examine other, more subtle, sequelae of
gastrulation-stage PAE, such as hypothalamic-pituitary-
adrenal axis activity and behavioral alterations
(Wieczorek, Fish, O'Leary-Moore, Parnell, & Sulik, 2015),
to uncover the full contribution of Bax.

The current results suggest that the accumulation of
Bax in the mitochondrial membrane is the decisive event
determining a cell's fate after PAE and ultimately
whether an individual develops, or is shielded from, an
FAS-like dysmorphology. However, a tapestry of cellular
signals must interact before this fate is decided and acute
alcohol has been shown to affect many of these interac-
tions. First, acute PAE may initiate cell death machinery
by inducing metabolic stress, restricting blood flow, and
affecting cell adhesion. Previous studies have shown that
PAE can activate Tp53 signaling, one of the signals that
begin the apoptotic cascade (Anthony, Zhou, Ogawa,
Goodlett, & Ruiz, 2008; Flentke, Baulch, Berres, Garic, &
Smith, 2019; Ignacio, Mooney, & Middleton, 2014;
Kuhn & Miller, 1998), and that genetic deletion of Tp53
is also protective from PAE (Fish, Tucker, Peterson,
Eberhart, & Parnell, 2021). Once Tp53, or other signals,
initiate the apoptotic cascade, changes in the expression
and activity of the BH3 protein family have the dual role
to inhibit the pro-survival Bcl-2 signals, which normally
keep Bax in check, and directly activate Bax itself. In a
transcriptome-wide study, gastrulation-stage PAE up-
regulated one of these BH3 signals, Bid (Boschen, Ptacek,
et al., 2021), which is also activated by caspase-8 through
the extrinsic pathway and is increased following post-
natal alcohol exposure (Heaton et al., 2015). Repeated
PAE impairs Bcl-2 protein expression (Mooney &
Miller, 2001), which may be sufficient to allow Bax to
accumulate in the mitochondrial membrane and induce
cell death. Taken together, these data strongly support a
model where PAE converges on multiple apoptotic mech-
anisms within the intrinsic cell death pathway, of which
Bax is the final arbiter.

We performed whole transcriptomic RNA sequencing
to identify genes significantly altered by the Bax deletion,
prior to alcohol exposure. While it would have been ideal
to focus on a discrete subtype of embryonic cells, such as
the ectoderm, using the whole embryo provided more
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consistent sequencing results. This analysis provided
information regarding other genes throughout the
embryo that were modified by the Bax deletion and
could, like Bax, affect the sensitivity to PAE and provide
both alternative interpretations to our results, as well as
identify future targets of study. Only 63 genes were differ-
entially expressed between untreated Bax™/* and Bax '/~
GD 7 embryos. Nearly half of the DEGs were found on
chromosome 7, in proximity to Bax, suggesting that these
are directly due to the insertion of the neo-cassette used
to generate the Bax~'~ mice (Meier et al., 2010; Pham,
Maclvor, Hug, Heusel, & Ley, 1996; Sato et al., 2000;
West et al., 2016). None of the DEGs was as dysregulated
as Bax itself and several of the up-regulated genes, in par-
ticular, were expressed at low levels, raising questions of
their functional impact. Moreover, there was variation
between individuals, suggesting that the alternate gene
expression is not a definite consequence of the Bax
deletion.

Functional profiling of the up/down-regulated DEGs
using g:profiler was limited by the relatively small num-
ber of input genes. However, GSEA, which examines the
interaction between all expressed genes, identified multi-
ple pathways that were differentially enriched in the
Bax™'* and Bax~/~ embryos (see Figures S7 and S8, and
Tables S3 and S4). Since significant enrichment of a gene
does not distinguish functional up- or down-regulation,
the gene clusters identified by GSEA serve mainly as
rationale for future studies. Two large clusters were iden-
tified by the Gene Ontology database: a negatively
enriched mitochondria-related set; and a positively
enriched lipid-related set. Bax and Bak play a non-
apoptotic role in mitochondrial dynamics; Bax deletion
shortens mitochondria and reduces rates of fusion
(Hoppins et al., 2011; Karbowski, Norris, Cleland,
Jeong, & Youle, 2006). An alternative explanation about
the critical effect of the Bax deletion could be a back-
ground shift in the mitochondrial dynamics of Bax '/~
embryos, which might render them less sensitive to the
effects of the existing pro-apoptotic proteins Bak and Bid.
The viability of this hypothesis remains to be tested.
Overall, the negative enrichment of the mitochondrial-
related gene set in the Bax /~ embryos spotlights the
potential of future studies on the role of mitochondria
during gastrulation-stage alcohol exposure.

Apolipoproteins and cholesterol are essential for the
development and maintenance of cellular membranes;
inhibition of these lipids is associated with embryonic cell
death and craniofacial malformations (Homanics
et al., 1995; Lanoue et al., 1997). Bax/~ embryos were
positively enriched in genes related to cholesterol and
lipids and it is possible that these may also promote fur-
ther resistance to the effects of alcohol. Although
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gastrulation-stage PAE did not affect gene expression of
apolipoproteins in the C57BL/6J or C57BL/6NHsd strains
(Boschen, Ptacek, et al., 2021), alcohol has long been
shown to disrupt lipid membranes (Goldstein, 1984;
Klemm, 1998; Patra et al., 2006) and this disruption could
be a signal that triggers the apoptotic cascade. Moreover,
cholesterol and apolipoproteins are critical to the synthe-
sis and packaging of Sonic hedgehog (Shh; Briscoe &
Therond, 2013). Since gastrulation-stage alcohol exposure
strongly inhibits Shh signaling (Ahlgren et al., 2002;
Boschen, Fish, & Parnell, 2021; Hong & Krauss, 2012;
Kahn et al., 2017; Zhang et al., 2013), and this inhibition
is necessary for craniofacial dysmorphology, examining
the interaction between Bax and Shh signaling is a logical
extension of the current study. Additionally, positive
enrichment in apolipoproteins may further account for
the later life enhancement of oligodendrocyte density
and axonal density in Bax~/~ brains (Kawai et al., 2009;
White et al., 1998) and changes in Bax~'~ retina (Kawai
et al., 2009; Mac Nair et al., 2016; Mosinger Ogilvie
et al., 1998).

A critical question is whether the DEGs and/or the
enriched pathways influence the protective effect of Bax
deletion on alcohol-induced dysmorphologies. Current
experiments are underway employing an Irf3-Bcl2l12
mouse mutant, but Htatip2, Cth, Plaur, Rioxl, Creb3l4,
Aktlsl, and Pnkp are all sensitive to early PAE in the
C57BL/6] mouse strain (Boschen, Ptacek, et al., 2021;
Boschen and Parnell, unpublished observations) and
their identity as potential mediators of alcohol teratogen-
esis should also be examined. Additionally, two DEGs,
Ddahl and Nosip, warrant continued investigation since
prior studies show a protective role for nitric oxide in
FASDs (Bonthius et al., 2002; Karacay & Bonthius, 2015).
The potential importance of ROS is supported by the
GSEA finding of positive enrichment of genes related to
hydrogen peroxide and ROS biosynthetic processes, both
of which have roles for Duox2 (dual oxidase maturation
factor 2).

In summary, the experiments described herein find a
pathogenic role for Bax during gastrulation-stage alcohol
exposure. Attenuation of alcohol-induced apoptosis is a
mechanism through which Bax gene deletion protects
the embryo, but changes in the expression of genes other
than Bax reveal that Bax deletion potentially affects other
aspects of embryonic physiology. Whether these changes
are relevant to the protective effects of Bax deletion on
craniofacial dysmorphology can be addressed by future
studies using acute pharmacological inhibitors of Bax
(Jensen, WuWong, Wong, Matsuyama, & Matsuyama,
2019), which may help pin-point the critical timing of
Bax's deleterious effects on the embryo. Importantly, Bax
may be a key gene that modifies susceptibilities to FASD.
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Several Bax single nucleotide polymorphisms have been
linked to cancer risk and treatment response (Peng
et al., 2015; Saxena, Moshynska, Sankaran, Viswanathan,
& Sheridan, 2002; L. Sun, Wei, Wei, & Li, 2018) and Bax
loss of function variants, while elevating risk for cancers,
may reduce the risk for at least some FASD symptoms,
especially those, like craniofacial malformations, that are
caused by apoptotic cell death.
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