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Prenatal alcohol exposure contributes to negative pregnancy
outcomes by altering fetal vascular dynamics and the placental
transcriptome
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Karen Chung® | Jessica Gutierrez?> | Kirill V. Larin? | Christina Chambers®*® |
Rajesh C. Miranda>®® | Collaborative Initiative on Fetal Alcohol Spectrum Disorders
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PRENATAL ALCOHOL ALTERS PLACENTAL FUNCTION

INTRODUCTION

The global prevalence of alcohol exposure during pregnancy has
been estimated at 9.8% (Popova et al., 2017), while in the United
States, ~8% of assessed newborn infants have blood biomarkers for
third trimester prenatal alcohol exposure (Bakhireva et al., 2017,
Umer et al., 2020), indicating that prenatal alcohol exposure (PAE)
throughout pregnancy is common. PAE can lead to a range of devel-
opmental disabilities collectively known as Fetal Alcohol Spectrum
Disorders (FASD), that are prevalent in between 1.1% and 9.8% of
the school-age children in the US (May et al., 2018), while the prev-
alence of Fetal Alcohol Syndrome (FAS), the severe end of the FASD
continuum, is estimated at a global prevalence of ~0.3% (Roozen
et al., 2016). FASD is associated with a wide range of adverse in-
fant outcomes, including neurobehavioral abnormalities as well as
craniofacial dysmorphologies and intrauterine growth restriction
(IUGR), which are cardinal diagnostic features for FAS (Bertrand
et al., 2004; Riley et al., 2011).

Prenatal alcohol exposure has been shown to impact fetal blood
flow in utero in rodent and nonhuman primate models as well as in
humans (Bake et al., 2012; Gundogan et al., 2008; Iveli et al., 2007;
Lo et al., 2017), suggesting one mechanism by which PAE may con-
tribute to IUGR. The placenta may be particularly sensitive to the in-
fluences of alcohol during the transition period between the 1t and
2" trimester, as it is during the end of the 1° trimester (gestational
day [GD] 9.5 to 10.5 in mice) that chorio-allantoic fusion establishes
the early fetal labyrinthine zone (Woods et al., 2018) with subse-
quent dilation of the spiral arteries at the start of the 2" trimester
(GD10.5 to 14.5 in mice) (Adamson et al., 2002). As the 2" trimester
progresses, extensive expansion of the labyrinthine zone occurs (De
Clercq et al., 2019), and there is the potential for complications such
as IUGR if this neovascularization fails to progress normally (Furuya
et al,, 2008).

In our previous studies in pregnant women and infants in Ukraine,
we reported that PAE did result in decreased indices of growth in
new-born infants (Balaraman et al., 2016), and that this outcome
for affected infants was mediated, in part, by miRNA signals in ma-
ternal circulation that decreased the growth of the placenta (Tseng
et al., 2019). Moreover, these miRNA signals were observed as early
as the second trimester, during the early growth phase of the pla-
centa. Although infant growth deficits are a defining feature of se-
vere FASD, the causes are poorly understood and consequently, the
impact of PAE during this critical window on placental development
and blood flow in relation to fetal growth needs to be evaluated. For
this reason, we interrogated the effects of PAE on fetal and placen-
tal vascular dynamics and the placental transcriptome and examined
the relationship between these measurements and fetal anatomical
and morphometric outcomes.

MATERIALS AND METHODS

All procedures were performed in accordance with Texas A&M
Institutional Animal Care and Use Committee guidelines and
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approval. C57/BL6NHsd dams and male mice (Envigo) were bred in-
house. All procedures were approved by the Texas A&M Institutional
Animal Care and Use Committee (IACUC).

Mouse model of PAE

As we have previously published to model a single binge para-
digm, EtOH, at 3g/kg (prepared from 95% Koptec - Decon Labs;
Catalog#V1101, delivered in a final volume of 220 ul) or purified
water, as a control, was administered by intragastric gavage on
GD10 using polyethylene tubing connected to a mini pump (Harvard
Apparatus 11 plus, Cat# 70-2209) set to a flow rate of 100 ul/min
(Bake et al., 2012). Blood (20 ul) was collected from the tail vein
using heparinized capillary tubes for the determination of blood
EtOH concentrations (BEC) by gas chromatography according to our
previous publications (Camarillo & Miranda, 2008; Prock & Miranda,
2007; Santillano et al., 2005). The average BEC was 112 + 11 mg/
dl. At GD18, pregnancies were terminated, fetuses delivered by
laparotomy and measures of fetal weight, crown-rump length (CRL),
midsagittal length (MSL) (O'Leary-Moore et al., 2010), biparietal
diameter (BPD), fronto-occipital distance (FOD), and placental effi-
ciency were obtained. Subsequently, tissue was snap-frozen in liquid
nitrogen and stored at -80°C preceding RNA isolation.

Blood flow imaging

C57/BL6NHsd dams were anesthetized using isoflurane (3% to 4%
for initiation of anesthesia, 1% for maintenance), and maintained su-
pine on a temperature-controlled mouse platform (with sensors for
monitoring of the maternal electrocardiogram, respiration, and core
body temperature; Fuji/Visualsonics). The maternal temperature
was maintained at 34 to 37°C and maternal heart rate at ~425 beats/
min by adjusting the level of anesthesia. The abdomen was shaved
and depilated (using Nair) to improve contact with the transducer.
Prewarmed (37°C) ultrasound gel (Aquasonic, Parker Laboratories
Inc.) was applied to the dam's abdomen prior to positioning the
transducer. An initial scan was performed on both uterine horns to
verify the number and location of all fetuses. For each pregnant dam,
two fetuses (one at the end of the left uterine horn and one at the
end of the right uterine horn) were selected for both pre- (GD10)
and postgavage (GD12, GD14, and GD18) treatment scans. The
same fetuses from each uterine horn were monitored throughout
gestation. Both color and pulse wave Doppler measurements for
umbilical arteries and ascending aorta were obtained using a high-
frequency VEVO2100 ultrasound imaging machine coupled to an
MS550D Microscan™ transducer with a center frequency of 40 MHz
(Visualsonics).

Data from pulse wave Doppler imaging experiments were ana-
lyzed using the VEVO2100 measurement and analysis software (Fuji/
Visualsonics) to assess Acceleration (in mm/sec?) and Velocity Time
Integral (VTI, in mm?®/s). Acceleration is defined as the change in blood
flow velocity overtime from the onset of systolic forward flow to
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peak velocity (Phoon & Turnbull, 2003). Acceleration can be used as
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a measure of cardiac output in peripheral vessels (Chang et al., 2000)
in human patients and in embryonic mice studies (Phoon et al., 2000)
and correlates with arterial resistance. VTI, the area under the velocity
envelope (Phoon & Turnbull, 2003), is a substitute measure of cardiac
stroke volume through a specific blood vessel. Acceleration and VTI
measurements were obtained from the umbilical artery and fetal as-
cending aorta. Each data point represents measurements from one
fetus from either the left or the right uterine horn in one pregnant dam
(to eliminate litter and uterine position effects). The results presented
are mean + SEM for each group (n = 5 to 6 pregnant dams), normalized
to the average baseline value for the control, pre-EtOH exposed group.

Optical coherence tomography and image analysis

Fetal imaging was performed using a swept source optical coherence
tomography (SSOCT) system, which consists of a broadband laser
(Santec Corporation) with a central wavelength of 1310 nm, sweep
rate of 50 kHz, and axial resolution of 9.76 um (in the air). All images
were processed using Matlab, and Amira 5.4 was used to analyze and

measure dimensions of GD18 fetal mouse limbs and philtrum length.

RNA isolation and RNA library
preparation and sequencing

Total RNA from the nondecidual (labyrinthine with the junctional
zone) portion of mouse placentas was isolated using the miRNeasy
mini kit (Qiagen; Catalog # 217004). Prior to analysis, RNA quality
was assessed using an Agilent TapeStation RNA assay. Total RNA
concentration was quantified via Qubit Fluorometric assay, and
subsequently, all samples were normalized to an equivalent start-
ing concentration. Sequencing libraries were prepared using the
TruSeq Stranded Total RNA with Ribo-Zero Library Preparation kit
(Hlumina). Each sample was uniquely indexed (barcoded) to allow for
the pooling of all samples in a single sequencing run. Library size
and quality were then assessed with an Agilent TapeStation D1000
DNA assay. Samples were normalized to ~4 nM and pooled equally.
Sequencing was performed on an lllumina NovaSeq S4 Flow Cell,
XP running with a 150 cycle, paired-end (2 x 150) sequencing run to
generate approximately 50 million read pairs per sample.

Bioinformatic analysis

Raw RNA-sequence data were analyzed to identify significant dif-
ferences in gene expression between the gavage control versus
PAE treatment groups. All reads were evaluated and trimmed of
all adapter sequences and low-quality bases using Trimmomatic
read trimmer (Bolger et al., 2014). Using Trimmomatic and the cor-
responding adapter sequences file for Illumina, reads were scanned
with a sliding window of 5, cutting when the average quality per

base drops below 20, then trimming reads at the beginning and
end if base quality drops below 25, and finally dropping reads if the
read length is <35. Reads were then mapped to the Mus muscu-
lus (mm10) genome assembly. Read mapping was performed using
HISAT2 genomic analysis software platform version 2.1.0 (Kim et al.,
2015). Transcript-wise counts were generated using HTSeq (Anders
etal., 2015). Differential gene expression tests were then performed
using DESeqg2 software version 2.1.8.3 following the guidelines rec-
ommended by Love et al. (2014) using a “treatment” x “sex” experi-
mental design. A total of 22,103 genes had at least one read count
in at least one sample and were processed for differential expres-
sion analysis using the regularized logs of normalized gene counts
derived from DESeqg2. We did observe a few genes whose expres-
sion was sex-dependent (see Tables S2 and S3). However, there was
only 1 gene identified as uniquely expressed in male placentas and
0 genes as uniquely expressed in female placentas. Therefore, our
analyses focused on the main effect of treatment on differential
gene expression. All analyses were performed on the Galaxy in-
stance of the TAMU HPRC (https://hprcgalaxy.tamu.edu/).

Correlations were calculated using the cor() function in R, and
partial correlations were calculated using the ppcor package in R
(Kim, 2015). Correlation plots were created with the corrplot R pack-
age (Wei & Simko, 2021). The “R"-based EnhancedVolcano package
was used to make the volcano plot (Blighe et al., 2021). Pathway
analysis was conducted using ReactomePA (Yu & He, 2016) on differ-
entially regulated genes (FDR adjusted p-value <0.05). ReactomePA
utilized the KEGG database (Kanehisa et al., 2017) and the Pathview
R package (Luo & Brouwer, 2013) to visualize differentially regulated
pathways. Weighted gene co-expression network analysis (WGCNA)
was conducted using the WGCNA R package (Langfelder & Horvath,
2008) to construct networks of relatedness and identify eigengenes,
or “hub” genes, from gene expression data.

To better understand which cell types of the nondecidual zone
are most sensitive to PAE on GD10, we leveraged publicly available
single-cell RNA-seq (scRNA-seq) resources. We and others have
reported similar analyses using cell-type-specific markers obtained
from scRNA-seq studies in order to extrapolate the cell composi-
tion of tissue used in bulk RNA-seq (Jew et al., 2020; Pinson et al.,
2021). Cell-cycle-associated (S and G2/M phase) gene lists were
extracted from the “R” Seurat package (Stuart et al., 2019) and ap-
plied to our bulk RNA-seq dataset. We calculated z-scores across
individual genes on the extracted gene lists and then averaged these
individual gene z-scores within each sample. The average z-score of
each sample was then used in 2-way ANOVA analyses (sex x treat-
ment) completed in “R.” This strategy allowed us to compare the
relative expression of differentially expressed genes (e.g., house-
keeping genes are more highly expressed than other cell-type-
specific genes) because our interest is not in absolute expression
levels but rather relative expression levels as a whole for each gene
list (e.g., are all genes belonging to that class elevated or downreg-
ulated due to treatment). This process was repeated for analysis of
caspase transcripts (apoptosis-related caspases, including Caspase 2
[CASP2], CASP3/6/7/8/9/10 and the inflammation-related caspases,
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CASP1/4/5/11/12; Shalini et al., 2015) and transcripts for cell-type-

specific marker genes (Vento-Tormo et al., 2018).

Statistical analysis

Statistical analyses were conducted using the GraphPad Prism
software, version 9.2.0 for Windows. Results are expressed as the
mean + SEM. The overall group effect was analyzed for significance
using two-way ANOVA with Sidak's correction for multiple compari-
sons post hoc testing when appropriate (i.e., following a significant
group effect or given a significant interaction effect between exper-
imental conditions in two-way ANOVA), to correct for a family-wise
error rate. All statistical tests, sample sizes, and post hoc analysis
are appropriately reported in the results section. A value of p < 0.05
was considered statistically significant, and a value of 0.1 < p < 0.05
was considered as trending toward significance. For identification of
differentially regulated genes (DRGs) in the WGCNA, differentially
regulated genes were defined by meeting three different criteria: (1)
unadjusted p-value <0.05, (2) large effect size (Hedge's g > 0.8), and

(3) nonoverlapping 95% confidence intervals.
Data availability

RNA-seq expression data generated during this study are available in
the NCBI/GEO database (accession number, GSE195489).
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RESULTS
PAE attenuates placentally directed blood flow

We examined the effect of a single exposure to EtOH on gestational
day 10 (GD10) fetal blood flow in the umbilical artery and ascending
aorta, as measured by the parameter Velocity Time Integral (VTI, in
mm?/s), which measures fetal cardiac systolic output within those
blood vessels (Figure 1A). Our data show that blood flow significantly
increased in the ascending aorta (F (1.826, 34.69) = 5.317, p = 0.011;
Figure 1B) and in the umbilical artery (F (1.517, 30.34) = 32.96,
p < 0.0001; Figure 1C) over development (GD12 to GD18). While it
increased ~1.2-fold in the ascending aorta, it increased ~1.8-fold in the
umbilical artery over the same time. PAE did not affect VTI in the as-
cending aorta (F (1, 20) = 1.860, p = 0.188; Figure 1B), but did result in
a significant “Treatment by Time” interaction effect for VTI of the um-
bilical artery between GD12 and GD18 (F (2, 40) = 4.592, p = 0.016;
Figure 1C). Post hoc analysis by Sidak's multiple comparisons test iden-
tified a transient but statistically significant ~20.8% decrease in umbili-
cal artery VTl on GD14 because of PAE (adjusted p = 0.045; Figure 1C).

In contrast, during this developmental period, acceleration, a
measure of arterial resistance, through the ascending aorta and um-
bilical artery, was not changed by PAE (all p-values >0.05, Figure

S1A,B). There was an increase in acceleration through the ascending
aorta (F (1.682, 32.80) = 137.8, p < 0.0001; ~5.7-fold; Figure S1A)
and umbilical artery (F (1.404, 28.09) = 19.00, p < 0.0001; ~2.8 fold;
Figure S1B) due to gestational age.

(B) Ascending Aorta Umbilical Artery

201 151
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8 $ 10-
2 16 2 -o- Citrl
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FIGURE 1 PAE transiently attenuates placentally directed blood flow. (A) Representative image of fetal mouse and measured blood flow
of ascending aorta and umbilical artery. VTI of the ascending aorta (B) and umbilical artery (C) in fetal mice. VTI, Velocity Time Integral.
Results are expressed as the mean + SEM, Controln =12 (n = 6 L), PAE n = 10 (n = 5 L). Main effect of treatment *p < 0.05
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PAE results in fetal growth restriction

We examined the effect of a single exposure to EtOH on GD10
on fetal and placental growth by assessing growth parameters on
GD18. Male and female fetuses were assessed separately, and data
from all same-sex fetuses from a single pregnancy were averaged
into one data point. PAE produced smaller fetuses than those in the
control condition, according to all collected measures of fetal size:
fetal weight (F (1, 18) = 10.58, p = 0.004; Figure 2A), crown-rump
length (F (1, 18) = 3.990, p = 0.061; Figure 2D), biparietal diameter
(F (1, 18) = 4.446, p = 0.049; Figure 2E), snout-occipital distance (F
(1, 18) = 9.908, p = 0.006; Figure 2F), and midsagittal length (F (1,
18) = 7.196, p = 0.015; Figure 2G). Interestingly, placental weight (F
(1, 18) = 2.565, p = 0.1252; Figure 2B) and placental efficiency (F (1,
18) = 0.3611, p = 0.5554; Figure 2C) were not altered in mice after a
single EtOH exposure. No sex differences (all p-values >0.05) in fetal
growth parameters and placental measurements were observed on
GD18.

Prenatal alcohol exposure is associated with facial dysmorphol-
ogy (Bertrand et al., 2004; Riley et al., 2011) and impaired long bone
development (Snow & Keiver, 2007). Therefore, we were interested
in determining the extent to which these FASD-associated features
may be affected by a single exposure on GD10.5 as measured by phil-
trum length (Figure S2A) and by limb length (Figure S2C) on GD18.
We observed no effect of treatment or sex on philtrum length (main
effect of treatment, F (1, 11) = 2.241, p = 0.1625; main effect of sex,
F (1, 11) = 1.049, p = 0.3278; Figure S2B) or limb length (main effect
of treatment, F (1, 13) = 1.431, p = 0.2530; main effect of sex, F (1,
13) =0.1417, p = 0.7127; Figure S2D).

PAE alters the relationship between blood flow and
growth outcomes

We examined the relationships between fetal-placental growth pa-
rameters and blood flow dynamics by first computing Pearson's cor-
relations without accounting for PAE (Figure 4A). Significant positive
correlations were identified between GD14 VTI of the umbilical ar-
tery and fetal weight (Pearson r = 0.623, p = 0.041), snout-occipital
distance (Pearsonr=0.778, p = 0.005), and frontotemporal distance
(Pearson r = 0.695, p = 0.018) (Figure 3A; Figure S3A). Additionally,
several significant positive relationships were identified between
age-related change in VTI (AVTI GD12->14) of the umbilical artery
and snout-occipital distance (Pearson r = 0.752, p = 0.008) and
frontotemporal distance (Pearson r = 0.603, p = 0.049). Finally, sig-
nificant positive correlations between litter size and GD18 VTI of
the umbilical artery (Pearson r = 0.679, p = 0.022) and age-related
change in VTI (AVTI GD14->18) of the umbilical artery (Pearson
r=0.623, p = 0.041) were identified. After correcting for PAE using
partial correlation analysis, all of these significant relationships were
no longer significant except for the relationship between litter size
and GD18 VTI of the umbilical artery (Pearson r = 0.755, p = 0.012;
Figure 3B; Figure S3B), demonstrating that PAE mediates at least

some of the relationships between placentally directed blood flow

and fetal growth metrics.

PAE induces differential gene expression
in the placenta

Up- and down-regulated genes were identified in nondecidual (laby-
rinthine with junctional zone) portions of placentas that were com-
mon to both male and female fetuses (i.e., sex-independent, males
n = é/control and n = 5/PAE, females n = 6/control and n = 5/PAE).
RNA-seq analysis identified 39 significantly differentially expressed
genes (DEGs; FDR-corrected p < 0.05), including 27 down-regulated
genes (69.23%) and 12 upregulated genes (30.77%) (Figure 4A; Table
S1). To assess for sex-specific response to PAE, DEseq2 analysis was
conducted separately for male and female placentas, comparing
control versus PAE for each sex. For analysis of males, 1 DEG (Tet3)
was identified (Table S2), which was also identified in the grouped
analysis. For analysis of females, no DEGs were identified (Table S3).

We also assessed whether other crucial cellular processes such
as cell cycle progression and apoptosis were affected in the long
term by prenatal PAE as our previous data did find an impact in
an in vitro trophoblast cell model over a short time course (Tseng
et al., 2019). Gene lists associated with S-phase and G2/M-phase
of the cell cycle were extracted from the Seurat package in R. A
2-way ANOVA, comparing the averages of z-scores across all rel-
evant genes, showed no significant difference in genes associated
with S phase and G2/M (Figure S4A,B). In agreement with this,
no significant difference was observed in positive and negative
regulators of cell cycle progression after FDR correction (Figure
S4C-H). To determine whether developmental PAE potentially in-
fluenced sensitization for apoptosis, we assessed the expression
of gene transcripts associated with the execution phase of apop-
tosis (Fulda & Debatin, 2002; von Mering et al., 2001; Sabbagh
et al., 2005), specifically the apoptosis-related caspases, including
Caspase 2 (CASP2), CASP3/6/7/8/9/10, and the inflammation-
related caspases, CASP1/4/5/11/12 (Shalini et al., 2015). A 2-way
ANOVA, comparing the averages of z-scores across all gene tran-
scripts belonging to these classes, showed no significant alteration
in the apoptosis-related caspases (F (1, 18) = 2.381, p = 0.140) and
in the inflammation-related caspases (F (1, 18) = 2.527, p = 0.129)
due to PAE. We observed no main effect of sex or interaction
effect between treatment and sex for the apoptosis-related
caspases. For inflammation-related caspases, there was an eleva-
tion in females compared to males (F (1, 18) = 17.690, p = 0.0005;
Figure S5) irrespective of treatment group, but no interaction ef-
fect between treatment and sex.

The literature suggests that PAE has the potential to alter tropho-
blast differentiation in vitro (Kalisch-Smith et al., 2016). Therefore,
we assessed the expression of genes associated with placental cell
lineages, to determine whether PAE influenced long-term matura-
tion. We utilized publicly available single-cell RNA-seq (scRNA-seq)
data (Vento-Tormo et al., 2018) to obtain gene expression patterns
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FIGURE 2 PAE restricts fetal. (A to G) Fetal weight (A), placental weight (B), placental efficiency (C), crown-rump length (D), biparietal
diameter (E), snout-occipital distance (F), and midsagittal length (G) at GD18 following gavage of pregnant C57/Bl6 dams on GD10 with
water (CTRL) or EtOH (PAE). (H) Schematic for measures of snout-occipital distance (SOD), crown-rump length (CRL), midsagittal length
(MSL), and biparietal diameter (BPD). Dots represent median measures of fetal size and placental weights from male and female offspring in
independent litters. There were no significant differences in litter sizes (Ctrl: 8.2 and PAE: 9) or sex ratios (Ctrl: 1.11 and PAE: 1.36) between
treatment conditions (p > 0.5 for all measures). Results are expressed as the mean + SEM, n = 5 to 6 separate litters per treatment condition;

ANOVA: Main effect of Treatment *p < 0.05, **p < 0.01

that defined cell lineages specific to the nondecidual portion of the
placenta (e.g., extravillous trophoblast, fibroblasts, Hofbauer cells,
syncytiotrophoblast, and villous cytotrophoblast). However, for all
nondecidual cell types assessed, we observed no main effect of
treatment, the main effect of sex, nor interaction effect between
treatment and sex (Table S4).

Next, we sought to identify placental gene networks that might
be enriched for genes differentially regulated in the placenta on
GD18 as a consequence of PAE on GD10. For this analysis, dif-
ferentially regulated genes (DRGs) were defined by meeting three
different criteria: (1) unadjusted p-value <0.05, (2) large effect size
(Hedge's g >0.8), and (3) nonoverlapping 95% confidence intervals
(482 genes, 288 down-regulated, 194 upregulated; Table S5). Using
weighted gene co-expression network analysis (WGCNA), we iden-
tified 44 modules of gene networks (Table S6). Thirty-four of these
44 modules contained at least one DRG. The two modules that had
DRGs as their hub genes were the cyan module (hub gene Stpg4

was down-regulated; Figure 5B) and the darkred module (hub gene
Vmn2r1 was down-regulated; Figure 4B). These modules also had the
highest DRG enrichment scores. Gene ontology of the cyan module
revealed genes within this network are associated with chromosome
organization and nuclear processes (Figure 4C). Surprisingly, gene
ontology analysis of the darkred module did not reveal enrichment in
know pathways, suggesting that the darkred module may encapsu-

late potentially novel biological mechanisms.

Weighted gene co-expression network analysis
reveals gene network modules that are correlated
with the cardiac output of the umbilical artery

Because PAE resulted in a decrease in cardiac output through the
umbilical artery, we conducted a correlation analysis between
WGCNA module eigengenes (MEs) and fetal blood flow was
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FIGURE 3 PAE alters relationship between blood flow and fetal growth outcomes. Heatmap of Pearson's correlation matrices for
uncorrected analyses (A) and analyses correcting for PAE (B). For all correlation matrices, color intensity and dot size indicate a stronger
correlation, with red representing a positive relationship and blue representing a negative relationship. BPD, biparietal diameter; CRL,
crown-rump length; F:P ratio, placental efficiency; MSL, midsagittal length; SOD, snout-occipital distance; UA, umbilical artery; VTI, Velocity
Time Integral. Control male n = 6, Control female n = 6, PAE male n = 5, PAE female n = 5. *p < 0.05, **p < 0.01

conducted (Figure 5A, Figure Sé) to identify placental gene modules
that were sensitive to changes in umbilical blood flow. We identified
statistically significant relationships between age-related change
in VTI (AVTI GD14->18) of the umbilical artery and the darkred
module (p = 0.031) and the paleturquoise module (p = 0.014) after
Benjamini-Hochberg FDR correction (Figure 5A; Figure S6). As men-
tioned above, the darkred hub gene was a DRG, Vmn2r1, that was
down-regulated (Figure 5B), and the darkred module had 48 DRGs,
resulting in an enrichment score of 0.2. Although the darkred module
did not capture currently known KEGG pathways, a moderate cor-
relation (Pearson r = 0.47, p < 0.0001; Figure S7) existed between
gene significance for AVTI GD14->18 and gene importance in mod-
ule network (Module Membership). Focusing on those genes in the
top 75t percentile for module importance (Module Membership
>abs(0.816)), 11 of 28 were DRGs, with 7 being down-regulated
(Vmn2r1, Fam20b, Prkcg, Ankddla, Adam32, Efcab8, and Tk2) and 4
being upregulated (Bazla, Itsn2, Pwwp2a, and Zfp385c) (Figure 5B).
Gene ontology of the paleturquoise module identified erythrocyte
differentiation and homeostasis (Figure 5C), as cellular processes
that were statistically overrepresented.

Correlation analysis between WGCNA module eigengenes (MEs)
and fetal blood flow also identified statistically significant relation-
ships between GD18 VTI of the umbilical artery and the black module
(0.007), the purple module (p = 0.035), the grey60 module (p = 0.029),
and the sienna3 module (p = 0.007), after Benjamini-Hochberg FDR

correction (Figure 6A; Figure S6). Genes of the black module were
associated with fatty acid metabolism (enrichmentRatio ranging 51
to 19.4) and fibrinolysis (enrichmentRatio ranging 9.7 to 18.8) (Figure
S8). Genes of the purple module were associated with chromatin or-
ganization and nucleosome assembly (enrichmentRatio ranging 2.3 to
25.3; Figure S9). Genes of the grey60 module were associated with
sensory perception and receptor activity (enrichmentRatio ranging
3.4 to 8.6; Figure S10A). Genes of the sienna3 module were associ-
ated with the regulation of cytokinesis and cell division (enrichmen-
tRatio ranging 8.2 to 14.1; Figure S10B).

Weighted gene co-expression network analysis
reveals gene network modules that are correlated
with fetal growth outcomes

Prenatal alcohol exposure resulted in intrauterine growth restriction
(Figure 2), and we therefore sought to identify placental gene net-
works that might be related to growth restriction. We identified sta-
tistically significant relationships between snout-occipital distance
and the darkgreen module (p = 0.003), the midnightblue module
(p = 0.003), the paleturquoise module (p = 0.003), and the tan mod-
ule (p = 0.02), after Benjamini-Hochberg FDR correction (Figure 6A,
Figure S11). Gene ontology analysis revealed a high degree of over-
lap between the darkgreen and midnightblue modules, identifying an
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FIGURE 4 PAE results in differential gene expression and perturbation of genes of associated with chromatin organization and histone
modification pathways. (A) Volcano plot of log2 fold change and -log10 p-value of all genes differentially expressed in placentas of control
vs. PAE fetuses. (B) Bar chart showing the top PAE-dysregulated gene modules (y-axis). Hub gene, number of DRGs, and number of genes
constituting each module are shown, with arrows indicating direction of PAE-induced expression change for each altered hub gene. Ratio of
module DRGs relative to total number of genes expressed in the module is shown on x-axis. (C) Gene ontology (GO) analysis of cyan module
genes focused on molecular function and biological processes. Control male n = 6, Control female n = 6, PAE male n = 5, PAE femalen=5

enrichment for sensory perception of chemical stimulus/odorant
and receptor activity (Figure 6B). As mentioned previously in its rela-
tionship with AVTI GD14->18, the genes of the paleturquoise module
were associated with erythrocyte differentiation and homeostasis
(Figures 5C and 6B). Genes of the tan module were associated with
cytolysis and protein mono-ADP-ribosylation (Figure 6B). Moreover,
additional statistically significant relationships between the tan
module and fetal weight (p = 0.048), placental efficiency (F:P ratio,
p = 0.009), and crown-rump length (p = 0.003) were identified.
Relationships between the greenyellow module and placental effi-
ciency (F:P ratio, p = 0.002) and crown-rump length (p = 0.002) were

also found (Figure 6A, Figure S11). Gene ontology of the greenyellow
module identified enrichment for myoblast migration and triphos-
phate metabolic processes (Figure 6B, Figure S11). Finally, we also
identified a statistically significant relationship between the yel-
lowgreen module and biparietal diameter (p = 0.011; Figure 6A) and
genes of this module were associated with the sensory perception
of chemical stimulus/odorant and receptor activity, overlapping with
the darkgreen and midnightblue modules (Figure 6B).

Gene ontology analysis was performed on all other modules, and
results can be found in Tables S7 (biological processes) and 8 (mo-

lecular functions).
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FIGURE 5 WGCNA reveals gene network associated with erythrocyte differentiation and homeostasis is related to recovery of blood
flow of the umbilical artery from GD14 to GD18. (A) Heatmap of module-trait relationships depicting correlations between module
eigengenes (ME) and umbilical artery VTI over time. Significant and trending correlations (Benjamini-Hochberg adjusted p < 0.05 and

p < 0.1, respectively) are marked. The degree of correlation (r) is illustrated with the color legend. (B) Table listing top genes most highly
associated (75 percentile) with change in VTI of umbilical artery between GD14-GD18. DRGs are marked with an arrow indicating direction
of PAE-induced expression change. (C) Gene ontology (GO) analysis of paleturquoise module genes focused on molecular function and
biological processes. UA, umbilical artery; VTI, Velocity Time Integral. Control male n = 6, Control female n = 6, PAE male n = 5, PAE female

n=5.% <0.05, Tp <0.10

DISCUSSION

Prenatal alcohol exposure has been shown to alter circulation in
utero and to also result in IUGR (Bake et al., 2012; Gundogan et al.,
2008; Iveli et al., 2007; Lo et al., 2017). Previous work in popula-
tions of pregnant women in Ukraine (Balaraman et al., 2016) and
South Africa (Mahnke et al., 2021) led us to ask how placental fac-
tors may contribute to observed PAE consequences. In this study,
we now report that PAE transiently but significantly impairs fetal
cardiac output through the umbilical cord blood flow over gestation.

We showed that this alteration in blood flow is related to growth
outcomes and that PAE mediated these relationships. Underlying
these placental changes were transcriptomic changes in the fetal
labyrinthine and junctional zones. While the magnitude of change
in the expression levels of individual DEGs using bulk RNA-seq
was relatively small, <30% using a linear scale, overall, WGCNA
analysis showed a correlation in gene expression with chromatin
organization and remodeling. Additional WGCNA analysis identi-
fied correlations between erythrocyte differentiation and homeo-
stasis networks and recovery of placentally directed blood flow and
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FIGURE 6 WGCNA reveals gene network associated with sensory perception of chemical/odorant and receptor activity is related to
fetal head size. (A) Heatmap of module-trait relationships depicting correlations between module eigengenes (ME) and fetal-placenta growth
parameters. Significant and trending correlations (Benjamini-Hochberg adjusted p < 0.05 and p < 0.1, respectively) are marked. The degree
of correlation (r) is illustrated with the color legend. (B) Gene ontology (GO) analysis of genes of modules significantly correlated with fetal
growth outcomes focused on molecular function and biological processes. BPD, biparietal diameter; CRL, crown-rump length; F:P ratio,
placental efficiency; MSL, midsagittal length; SOD, snout-occipital distance. Control male n = 6, Control female n = 6, PAE male n = 5, PAE

female n = 5. *p < 0.05, Tp < 0.10

correlations between fetal growth outcomes and gene networks as-
sociated with transmembrane G protein-coupled receptor activity
and odorant binding. Altogether, these data suggest that by altering
placental gene expression, PAE alters placental development and
subsequently umbilical artery blood flow, resulting in IUGR.

In our model, PAE occurred on GD10.5, a crucial time point
during which the early fetal labyrinthine zone is established (GD9.5
to 10.5; Woods et al., 2018), with 2.5-fold dilation of the spiral ar-
teries occurring soon after (GD10.5 to 14.5; Adamson et al., 2002).
Others have shown that PAE disrupts this normal placental devel-
opment, resulting in impaired trophoblast invasion and spiral artery
transformation and disorganized spiral artery branching (Gundogan
et al., 2008, 2013, 2015). Improper vascularization of the labyrin-
thine zone is associated with negative pregnancy outcomes such as
pre-eclampsia and IUGR (Furuya et al., 2008), similar to what has

been shown as a consequence of PAE. In this study, we observed
a decrease in umbilical cord blood flow on GD14 (mid-2"¢ trimes-
ter equivalent), four days after a single episode of EtOH exposure.
Similar results were demonstrated in a nonhuman primate model
of 1% trimester chronic exposure that measured decreased placen-
tal volume blood flow on GD110 (end of 2™ trimester equivalent),
50 days after the final EEOH exposure (Lo et al., 2017). However, the
reduced umbilical cord blood flow observed in our study on GD14
proved transient, with no difference between PAE and control preg-
nancies observed on GD18. This recovery in umbilical artery blood
flow was linked to a gene network associated with erythrocyte dif-
ferentiation and homeostasis. While the direction of this relationship
remains to be determined (change in blood flow results in increased
erythrocyte differentiation or vice versa), others have shown that
alcohol use in adults has the potential to be toxic to erythroid
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agation of both early and late erythroid progenitor cells (Meagher
et al., 1982). One study assessing differential gene expression in rat
placentas on GD20 after daily EtOH exposure observed decreased
expression of hemoglobin genes Hbel and Hbg1 (Rosenberg et al.,
2010). Moreover, the placenta has been identified as an important
loci in rodents (Alvarez-Silva et al., 2003) and humans (Van Handel
et al., 2010) for hematopoietic stem cell propagation and erythro-
poiesis starting at the end of the first trimester (GD10.5 in mice) and
peaking mid-2"¢ trimester (GD13.5 in mice) before diminishing as the
fetal liver transitions into being the main site for these processes
(Alvarez-Silva et al., 2003). The placental vascular endothelium has
specifically been identified as a precursor for fetal hematopoiesis
(Liang et al., 2021), which continues, albeit at lower levels as late
as GD17 in the mouse (Alvarez-Silva et al., 2003), suggesting that
blood flow and erythroid maturation may be functionally linked by
PAE. We previously observed a link between episodic EtOH expo-
sure and the activation of erythroid genes in neuronal lineage pre-
cursors in the fetal brain as well (Salem et al., 2021), an organ which
also experiences decreased blood flow after PAE (Bake et al., 2012),
suggesting that a linkage between blood flow and placental erythro-
poiesis represents a generalized and compensatory mechanism that
requires additional investigation.

Prenatal alcohol exposure is associated with facial dysmorphol-
ogy (Bertrand et al., 2004; Riley et al., 2011) and impaired long bone
development (Snow & Keiver, 2007). However, we observed no im-
pact of PAE on philtrum or forelimb development as measured on
GD18 after a single exposure on GD10.5. Others have shown that
the facial hypoplasia associated with Fetal Alcohol Syndrome only
results from exposure during a critical window in rodents (GD7,
Lipinski et al., 2012) and in nonhuman primates (GD19-20, equiva-
lent to GD7 in the mouse; Astley et al., 1999), which is before the
start of facial feature development on GD10 and formation of the
mouse philtrum from fusion of the midfacial region on GD13.5
(Suzuki et al., 2016). This suggests that the cellular programming that
impacts facial development was complete prior to exposure in our
model. Additionally, we observed no change in fetal distal forelimb
length, a growth parameter which is influenced by active chondro-
genesis, which begins around GD10 in the mouse but does not peak
until approximately GD15.5 (Nakamura et al., 2006; Rafipay et al.,
2018). Moreover, previous studies in rodents (Snow & Keiver, 2007)
and sheep (Ramadoss et al., 2006) showed impaired bone growth
and ossification after chronic exposure to EtOH during the entirety
of gestation. Work has not yet been done to characterize a critical
window for PAE to influence bone development. This suggests that
the growth of the philtrum and the distal extremities are more re-
silient to a single EtOH exposure than the brain and skull, as we did
observe that EtOH exposure resulted in smaller cranial dimensions.

It is well documented that PAE results in persistent epigenetic
alterations of chromosome methylation (Portales-Casamar et al.,
2016) and circulating miRNA (Balaraman et al., 2016; Mahnke et al.,
2021) in individuals with FASD. Moreover, it has also been shown
that different animal models of PAE alter the epigenetic landscape

of the placenta (Kalisch-Smith et al., 2019; Loke et al., 2018) and
that PAE-associated changes in circulating miRNA impairs placen-
tal development (Tseng et al., 2019). In this study, we observed an
upregulation of Tet3, an initiator of DNA demethylation, and, for the
gene network most highly enriched in DRGs, identified chromatin
organization and histone modification pathways as the most highly
enriched. Tet3 induces demethylation of CpG sites and is involved in
the differentiation and regulation of placental trophoblasts (Logan
et al., 2013). Its expression is temporally dynamic in both the mouse
and the human placenta, peaking between GD8.5 and 12.5 with
broad expression across multiple cell types before having a more re-
stricted expression pattern by GD14.5 to 18.5 (Rakoczy et al., 2017).
However, if this attenuation of expression fails to occur, there is the
potential for negative pregnancy outcomes as upregulation of Tet3
in late term placentas is associated with an increased risk of sponta-
neous abortions (Vasconcelos et al., 2019), as has been reported for
PAE (Chiodo et al., 2012; Sundermann et al., 2021). These transcrip-
tomic changes suggesting alterations in the underlying epigenetic
landscape may lead to a better understanding of the etiology of PAE
in the placenta.

One group of three gene networks, composed of the yellow-
green, darkgreen, and midnightblue modules, exhibited consistent
overlap in pathways (sensory perception of chemical stimulus/
odorant and receptor activity) and were all correlated with fetal
head size (e.g., SOD and BPD). Network genes identified as im-
portant in these sensing pathways were predominantly Olfr family
genes (encoding olfactory receptors) and related genes required
for olfactory receptor function and signal transduction. The ex-
pression of the Olfr family of genes in nonolfactory tissues is
linked to chemosensation and is a means for monitoring the tis-
sue environment. For instance, in kidneys, olfactory receptors
are responsive to ligands in circulation, signaling downstream to
modify renin expression and blood pressure in a mouse (Pluznick
et al., 2013). The expression of Olfr family genes in sperm helps
direct motility along chemical gradients (Spehr et al., 2003), and
Olfr family genes have also been identified previously in the pla-
centa of rodents (ltakura et al., 2006; Mao et al., 2010). In the
rat, Olfr family genes were predominantly expressed in giant cell
trophoblasts and spongiotrophoblast cells (Itakura et al., 2006).
Moreover, placental expression of Olfr family genes is sensitive
to maternal diet in mice (Mao et al.,, 2010), demonstrating that
these genes are sensitive to in utero environmental changes. The
relationship we identified between these chemoreception path-
ways and fetal head size may represent a mechanism by which the
capacity to sense environmental perturbations at the placental
maternal-fetal interface influences fetal growth. However, future
studies will be needed to assess whether head size and placental
chemosensation is causally linked or whether these are indepen-
dent outcomes due to a shared exposure experience.

In conclusion, our data show that a single episode of PAE has
the potential to create, in the placenta, long-lasting physiological
and transcriptomic changes during development that are linked to
negative fetal outcomes. A single exposure on GD10 resulted in
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subsequent attenuation of umbilical cord blood flow mid-gestation
(GD14). Although the index of flow, VTI, recovered by GD18, there
were nevertheless persistent placental gene expression changes
even at GD18. We also found that fetal weight and head size were
related to alterations in blood flow dynamics and the placental
transcriptome, suggesting that the placenta contributes to the un-
derlying etiology of PAE that leads to IUGR. Our work suggests
that a better understanding of these IUGR-linked and PAE sensi-
tive pathways will provide additional perspective on PAE-induced
gestational pathologies similar to what we previously found in
populations of pregnant women in Ukraine and South Africa and
potentially lead to effective avenues for intervention through the
manipulation of compensatory pathways via epigenetic regulators
such as miRNA.
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