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Abstract

Valproic acid (VPA) is an anti-epileptic medication that increases the risk of neural tube defect
(NTD) outcomes in infants exposed during gestation. Previous studies into VPA’s mechanism of
action have focused on alterations in gene expression and metabolism but have failed to consider
how exposure changes the abundance of critical developmental proteins over time. This study
evaluates the effects of VPA on protein abundance in the developmentally distinct tissues of the
mouse visceral yolk sac (VYS) and embryo proper (EMB) using mouse whole embryo culture.
Embryos were exposed to 600uM VPA at 2 hr intervals over 10 hr during early organogenesis with
the aim of identifying protein pathways relevant to VPA’s mechanism of action in failed NTC.
Protein abundance was measured through tandem mass tag (TMT) labeling followed by liquid
chromatography and mass spectrometry. Overall, there were over 1,500 proteins with altered
abundance after VPA exposure in the EMB or VY'S with 428 of these proteins showing previous
gene expression associations with VPA exposure. Limited overlap of significant proteins between
tissues supported the conclusion of independent roles for the VYS and EMB in response to

VPA. Pathway analysis of proteins with increased or decreased abundance identified multiple
pathways with mechanistic relevance to NTC and embryonic development including convergent
extension, Wnt Signaling/planar cell polarity, cellular migration, cellular proliferation, cell death,
and cytoskeletal organization processes as targets of VPA. Clustering of co-regulated proteins to
identify shared patterns of protein abundance over time highlighted 4 hr and 6/10 hr as periods

of divergent protein abundance between control and VPA-treated samples in the VYS and EMB,
respectively. Overall, this study demonstrated that VVPA temporally alters protein content in critical
developmental pathways in the VYS and the EMB during early organogenesis in mice.
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Introduction

Valproic acid (VPA) is an anti-epileptic medication that, when taken during pregnancy,
increases the risk of having offspring with a neural tube defect (NTD) (Ornoy, 2009;

Jentink et al., 2010). NTDs arise due to failed neural tube closure (NTC) during early
organogenesis. This failed closure can lead to malformations of the brain and spine resulting
in conditions of varying severity depending on the timing and location of the failed closure
(Sakai, 1989). The mechanism through which VVPA increases the risk of NTDs is not known;
however, several downstream targets of VPA may be implicated in incomplete NTC. These
mechanisms include disruption of redox balance, histone deacetylase (HDAC) inhibition,
blocking voltage gated ion channels, and increasing -y-aminobutyric acid (GABA) levels
(Phiel et al., 2001; Ghodke-Puranik et al., 2013; Lapehn et al., 2021). Through these
mechanisms, particularly alteration of redox balance and HDAC inhibition, VPA could exert
changes in the developmental proteome which could, in turn, have functional consequences
for the mechanisms of NTC.

The genetic and histone codes provide the necessary blueprint for making the proteins
necessary for every phase of biological function with many factors affecting protein
abundance across an individual’s lifespan. Despite the connection between mRNA
expression and protein translation, it has been frequently demonstrated that there is not

a strong correlation between mRNA and protein abundance using both standard and high-
throughput experimental techniques (Gygi et al., 1999; Wang, 2008; Vogel and Marcotte,
2012). Instead, only about 40% of protein abundance is explained by mRNA expression,
highlighting the importance of separately assessing and not conflating the transcriptome
and proteome (Vogel and Marcotte, 2012). Due to these many variables that can affect
protein abundance, the greater complexity of the proteome compared to the genome, and
the slower technological advances in the field of proteomics, there is less research on
protein abundance compared to mRNA expression (Sidoli et al., 2017). Understanding
protein dynamics and the role of the proteome in biological function, however, remains
critically important since proteins are the active molecular contributors to cellular activity
and morphological/functional development.

Genetic mutations and gene expression have been extensively studied in the context

of NTDs with over 200 genes identified in mice as potential targets in the process

of NTC (Copp et al., 2013). These genes largely belong to pathway categories which
include: disturbance of the cytoskeleton, disturbance of cell proliferation or neuronal
differentiation, neuroepithelial cell death, transcriptional regulation and chromatin dynamics,
and dysregulation of the sonic hedgehog pathway (Copp and Greene, 2010; Copp et al.,
2013). To date, most studies investigating the role of these genes and proteins in the context
of NTC have utilized a candidate gene or protein approach which limits discovery to a
pre-defined hypothesis and limits understanding of the interplay between genes or proteins
and their biological pathways.

The advancement of omics technologies has altered the way hypotheses related to gene
and protein expression are developed and tested. There have only been a few studies
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looking at the proteome of mouse or rat embryos, but each of these studies has indicated
that the proteome is dynamic across stages of embryonic development (Gao et al., 2017),
and that the embryo proper (EMB) and visceral yolk sac (VYS) have unique patterns of
protein expression with protein abundance changing over time (Usami et al., 2007). There
are currently no known global proteome studies evaluating changes protein abundance
throughout mouse organogenesis, despite this stage being highly dynamic due to the myriad
of morphological and physiological processes operating in the embryo. This study evaluates
changes in global protein quantity following VPA exposure in organogenesis stage mouse
embryos to determine patterns of protein abundance in early development and generate
hypotheses related to VPA’s mechanism of failed NTC. Pathway analysis of proteins
affected by VPA exposure will aid in determining protein networks and biological processes
that may be part of VPA’s mechanism in causing NTDs. This will be accomplished through
a time and tissue specific assessment of protein abundance following VPA exposure during
the period of NTC using 10-plex tandem mass tags (TMT) with protein identification
through liquid chromatography and mass spectrometry (Thompson et al., 2003; McAlister
etal., 2012). Through these methods it is hypothesized that NTC relevant patterns of tissue
and time specific protein abundance following VPA exposure will differ from the patterns in
control conceptuses revealing potential pathways involved in mouse NTC and implicated in
VPA'’s mechanism of teratogenesis.

2: Materials and Methods

2.1: Animals

Experiments were conducted using mouse whole embryo culture (MWEC) to culture
conceptuses from gestational days (GD) 8-9 in time-mated pregnant CD-1 mice (Charles
River Laboratories, Raleigh, NC). Gestational day 0 was designated as the morning
following mating with the presence of a positive vaginal plug. Animals were housed in
groups of 6 or fewer in ventilated cages. All animal methodology was approved by the
University of Michigan Institutional Animal Care and Use Committee.

2.2: Culture Conditions

Pregnant GD 8 dams were euthanized by CO? asphyxiation and uteri were removed and
placed in Tyrode’s solution (pH 7.4, HiMedia; Mumbai, India). Implantation sites were
dissected with watchmaker’s forceps and iridectomy scissors. Maternal tissues including the
decidua and Reichert’s membrane were removed to reveal intact conceptuses. Conceptuses
were cultured in groups of 2—6 per bottle of 2mL of immediately centrifuged female

rat serum with 4.3 ul/mL penicillin, streptomycin (10,000 units penicillin and 10 mg
streptomycin per mL, Sigma Aldrich; St. Louis, MO). All culture conditions were at 37

°C with gas concentrations at 5% O,, 5% CO,, 90% N for 6 hr then 20% O, 5% CO,, 75%
N, for the remainder of the culture period (Harris, 2012).

2.3: Time Course Exposures and Sampling for Tandem Mass Tag Labeling

VPA (600 uM in H,0) was added /n vitroto the female rat serum two hours following
the start of culture. Samples were collected 2, 4, 6, 8, and 10 hr following the addition
of VPA. For each time point and treatment condition (Ctl, VPA) two biological replicates
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were collected. At the designated end of culture, conceptuses were rinsed 3 times with 1x
Hank’s Balanced Salt Solution (HBSS, pH 7.4, Thermo Fisher Scientific; Waltham, MA).
The ectoplacental cone was removed and discarded followed by separation of the remaining
conceptus into visceral yolk sac (VYS) and embryo proper (EMB). At each designated

time point, VY'S and EMB were collected and pooled into separate samples consisting of
tissue from up to 10 conceptuses to ensure high enough protein content for further analysis.
Samples were collected in 100 pL RIPA buffer (pH 7.4; 50 mM Tris-HCI, 1% NP-40 v/v,
1:100 HALT Protease/Phosphatase Inhibitor, 150 mM NaCl, 1ImM EGTA, 1mM NaF, 0.25%
Na Deoxycholate w/v, and 0.1% SDS w/v), then sonicated to disrupt tissue and homogenize
the solution. Homogenized samples were centrifuged for 10 min at 12,000 x g before being
frozen at —80 °C.

2.4: Tandem Mass Tag Labeling

A bicinchoninic acid (BCA) assay was performed to determine protein concentration of
samples. Based on the BCA results, 100 ug of protein was added to a new microfuge

tube with volume brought up to 100 pL with 1x Tetraethylammonium bromide (TEAB,
Thermo Fisher Scientific; Waltham, MA). Samples were reduced with 5 pL 200 mM tris(2-
carboxyethyl)phosphine (TCEP, Thermo Fisher Scientific; Waltham, MA) for 1 hr at 55

°C then alkylated with 5 uL 375 mM iodoacetamide (Sigma Aldrich; St. Louis, MO) and
incubated at room temperature in the dark for 30 minutes. Protein was then precipitated
overnight in ice-cold acetone at 4 °C then resuspended in 100 pL 1x TEAB. 2.5 pg trypsin
was added to each sample for overnight protein digestion at 37 °C. The next day, 41

pL anhydrous acetonitrile was added to each of the 10-plex TMT labels (Thermo Fisher
Scientific; Waltham, MA) and vortexed and centrifuged. Each label was then combined
with the corresponding sample (Ctl 2 hr = 126, VPA 2 hr= 127N, Ctl 4 hr= 127C, VPA

4 hr= 128N, Ctl 6 hr=128C, VPA 6 hr= 129N, Ctl 8 hr=129C, VVPA 8 hr=130N, Ctl

10 hr=130C, VPA 10 hr=131) and incubated for 1 hr at room temperature. The labeling
reaction was quenched with 8 uL hydroxylamine (Thermo Fisher Scientific; Waltham, MA)
for 15 minutes. Following labeling, all 10-plex labels were combined into one sample and
dried in a centrifugal vacuum concentrator. Pierce reverse-phase high pH fractionation was
performed following manufacturer’s instructions to split each 10-plex labelled sample into 8
fractions (Thermo Scientific; Waltham, MA).

2.5. Liquid Chromatography, Mass Spectrometry

Liquid chromatography, mass spectrometry, and protein identification were performed by
the Proteomics Resource Facility at the University of Michigan. Multinotch-MS3 was
utilized to obtain superior accuracy which minimizes the reporter ion ratio distortion
resulting from fragmentation of co-isolated peptides during MS analysis (McAlister et al.,
2014). Orbitrap Fusion (Thermo Fisher Scientific; Waltham, MA) and RSLC Ultimate 3000
nano-UPLC (Dionex; Sunnyvale, CA) was used to acquire the data. 2 pl of the sample

was resolved on a PepMap RSLC C18 column (75 um i.d. x 50 cm; Thermo Scientific)

at a flow rate of 300 nl/min using a 0.1% formic acid/acetonitrile gradient system (2-22%
acetonitrile in 150 min; 22—-32% acetonitrile in 40 min; 20 min wash at 90% followed by
50 min re-equilibration) and directly sprayed into the mass spectrometer using an EasySpray
source (Thermo Fisher Scientific; Waltham, MA). The mass spectrometer was set to collect
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one MS1 scan (Orbitrap; 120K resolution; AGC target 2x10°; max IT 100ms) followed by
data-dependent, “Top Speed” (3 sec) MS2 scans (collision induced dissociation; ion trap;
NCE 35; AGC 5x103; max IT 100ms). For multinotch-MS3, the top 10 precursors from each
MS2 were fragmented by HCD followed by Orbitrap analysis (NCE 55; 60K resolution;
AGC 5x10% max IT 120ms, 100-500 m/z scan range).

2.6: Protein identification in Proteome Discoverer

Proteome Discoverer (v2.4; Thermo Fisher Scientific; Waltham, MA) was used for data
analysis. MS2 spectra were searched against the Uniprot mouse protein database (reviewed
and unreviewed; 94044 entries; downloaded on 06/20/2019) using the following search
parameters: MS1 and MS2 tolerance were set to 10 ppm and 0.6 Da, respectively;
carbamidomethylation of cysteines (57.02146 Da) and TMT labeling of lysine and N-termini
of peptides (229.16293 Da) were considered static modifications; oxidation of methionine
(15.9949 Da) and deamidation of asparagine and glutamine (0.98401 Da) were considered
variable. Identified proteins and peptides were filtered to retain only those that passed <1%
false discovery rate (FDR) threshold. Quantitation was performed using high-quality MS3
spectra (Average signal-to-noise ratio of 10 and <30% isolation interference). P-values were
calculated by ANOVA in Proteome Discoverer.

2.7: Protein Inclusion Criteria

Proteins were included in downstream analysis when they were identified with high FDR
confidence in both replicates and showed labeling with all 10 TMT labels. We calculated
the ratio of protein abundance between the VVPA and control conditions (VPA/Ctl) using
normalized abundance values from the appropriate TMT channels. Proteins with a p<0.05
were considered significant with those having a log2 abundance ratio greater than 0 being
increased and less than 0 being decreased.

2.8: Co-regulation Clustering

Co-regulated protein clustering was performed using C/ust (Abu-Jamous and Kelly, 2018).
Clustering was completed separately for EMB protein abundances and VYS protein
abundances. Default Clust settings were applied for this analysis.

2.9: Pathway Analysis

Pathway analysis was conducted for each list of proteins that met the cut-off criteria for
inclusion as well as each set of proteins within a co-regulated C/ust protein cluster. DAVID
Bioinformatics Database functional annotation tool was used to identify enriched Biological
Process Gene Ontology (GO) terms (Huang et al., 2009b, 2009a). Protein lists were searched
against the full list of proteins identified for the specific tissue as background to adjust for
the presence of higher abundance proteins being overly represented in mass spectrometry
data. GO-terms were deemed significant if the p-value was less than 0.05.

2.10: Transcription Factor Enrichment

Enrichment of transcription factors was measured using Enrichr (Chen et al., 2013;
Kuleshov et al., 2016). Uniprot 1Ds were converted to Entrez gene names which were
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compared against the database ENCODE and ChEA Consensus TFs from ChIP-X
(ENCODE Project Consortium, 2012; Davis et al., 2018). An adjusted p-value less than
0.05 was used as the cut-off for inclusion in the results.

Gene Set Enrichment Analysis

Gene Set Enrichment Analysis (GSEA) was performed to identify pathways that showed
differential enrichment between proteins with higher or lower abundance following VPA
exposure without the need to use the pre-determined threshold inclusion criteria (Mootha et
al., 2003; Subramanian et al., 2005). Data were input into the GSEA software (v. 4.1.0) as

a .rnk file containing Uniprot accession numbers and VVPA/Ctl abundance ratios and run as
a pre-ranked dataset with 1000 permutations and collapsing redundant accession numbers to
a single gene name. Proteins were searched against the Biological Process Gene Ontology
(GO) term database (v 7.2). Pathways with an FDR < 0.25 were considered significant.
These pathways also had a normalized enrichment score with an absolute value greater than
1 and p<0.05.

2.12 Comparative Toxicogenomics Database Enrichment Test

The Comparative Toxicogenomics Database (CTD) is a curated, publicly available database
of gene-environment interactions with a wide-breadth of environmental and pharmaceutical
exposures across multiple species (Davis et al., 2021). We used the CTD to perform a
Fisher’s Exact Overrepresentation Test to evaluate if the proteins associated with VPA in
our analysis were overrepresented in the mouse gene lists associated with VVPA in the

CTD. To perform the analysis, we downloaded: 1) a list of all Mus musculus genes in the
CTD, 2) Genes associated with VPA exposure in Mus musculus in the CTD. These lists

in combination with the significant proteins from each of the 2-10 hr timepoints in EMB
and VYS, were utilized to run a one-sided Fisher’s Exact Test. The list of proteins within a
timepoint were considered significantly enriched when p<0.05.

3: Results

3.1

Data Summary

In the VYS 4,815 proteins were identified across both replicates with high FDR confidence
across all 10 treatment groups, whereas in the EMB there were 4,897 proteins that met these
criteria. Comparing the two tissue datasets, there were 4,238 proteins that appeared in both
VYS and EMB.

3.2: Variability

Each tissue (EMB and VYS) protein determination and comparison were based on two
biological replicates. Variability of the VPA/control (Ctl) abundance ratio for each tissue and
time point is summarized in Supplemental Figure 1. In the EMB, median variability in the
abundance ratios across all proteins ranged from 8.7% to 34.1%, while the VYS variability
median is between 5.9% and 22.6%. In the EMB, the most variable time points across the
two replicates were at 6 and 10 hr, while in the VY'S, the most variable time points were at 2
and 4 hr.
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3.3: Embryo Time Series

There were 4,897 proteins identified in the EMB at all five time points. Within each of
these time points significant proteins (p<0.05) were categorized by increased or decreased
abundance following VPA exposure (Figure 1A). 2, 4, and 8 hr time points contained the
highest number of affected proteins. At 2 and 10 hr there were more proteins with increased
abundance, while at 4, 6, and 8 hr there were more decreased proteins. For all time points,
the majority of significant proteins were specific to that time point (Figure 1B). Across all
EMB time points only 42 proteins were shared within at least two time points (Figure 1B).

Pathway analysis was carried out for each time-specific group of increased or decreased
proteins and enrichment of biological process GO-terms was identified for all groups (Table
1). In the EMB, pathways with relevance to NTC were most prevalent for proteins that were
increased in abundance at 2 hr and included pathways such as Wnt signaling and planar cell
polarity, NTC, and convergent extension. Significant transcription factor (TFs) enrichment
was identified for all 5 EMB time points with the highest number of TF’s identified at

the time points with the greatest number of significant proteins (Table 2). In the EMB
developmentally relevant TFs were identified in all 5 time points for decreased proteins and
in 3 time points for increased proteins.

In addition to pathway analysis based on categorization of proteins into groups increased
and decreased by VPA exposure, pre-ranked Gene Set Enrichment Analysis (GSEA) was
also performed. In the EMB, GSEA identified 46 developmentally relevant pathways that
were more enriched in proteins that increased in abundance following VPA exposure and
seven pathways that were more enriched in decreased proteins (Supplemental Table 2).
There was no enrichment of developmental pathways at 4 hr for increased proteins, or 6, 8,
and 10 hr for decreased proteins.

3.4: Visceral Yolk Sac Time Series

There were 4,815 proteins identified in the VYS at all 5 time points. Within each of these
timepoints proteins were categorized by increased or decreased abundance following VPA
exposure using the inclusion criteria described in the methods (Figure 1A). 6, 8, and 10 hr
showed the highest number of proteins that were affected by VPA exposure. At all the time
points, except for 6 hr, there were more proteins with increased abundance than decreased
abundance. Similar to the EMB, most significant proteins in the VY'S were specific to a
single time point with 65 proteins shared across two time points and one protein shared
across three time points (Figure 1C).

Pathway analysis identified significantly enriched GO-terms for all time points and
directions except 6 hr decreased and 8 hr increased (Table 1). Pathways with the greatest
relevance to NTC included, negative regulation of canonical Wnt signaling (6 hr increased),
regulation of cell proliferation (10 hr increased), positive regulation of cell migration (10 hr
increased), and actin cytoskeleton organization (10 hr decreased). Significant transcription
factor enrichment was primarily identified between 6-10 hr timepoints in the VYS (Table
2). For decreased VY'S proteins 4 time points identified developmentally relevant TFs, while
increased VYS proteins had 3 time points with developmentally relevant TFs.
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Pre-ranked GSEA in the VY identified 28 developmentally relevant pathways that were
enriched in proteins with increased abundance following VPA exposure and 12 pathways
that were enriched in proteins with decreased abundance (Supplemental Table 2). There was
no developmental enrichment at 6 and 8 hr for increased abundance proteins and at 2 and 4
hr for decreased abundance proteins.

3.5: Tissue Comparison Summary- Embryo vs Visceral Yolk Sac

4,238 proteins were identified and labeled in both biological replicates in the EMB and
VYS datasets with high FDR confidence. Supplemental Figure 2 compares the VPA/CtI
abundance ratios for each protein between the EMB and VVY'S. The correlation between

the Log2 VVPA/Ctl abundance fold change was highest at 2 hr and 4 hr at 0.23 and 0.22
respectively. The correlations for 6, 8, and 10 hr were 0.06, 0.06, and 0.09. Overall, these
correlations indicate that protein abundance in the VYS and EMB are affected by VPA
independently. Most of the significant proteins in the EMB and VY'S were unique to a
specific tissue and time point (Figure 1D). There were 202 proteins that were significant for
at least two tissues or time points including 180 shared by two groups and 21 shared by three
groups (Figures 1D, 1E). A single protein (Gpaal) was significant for four groups (EMB
4hr and 6hr, VY'S 8hr and 10hr) (Figure 1E). It showed decreased abundance compared to
controls in the EMB at 4hr and VYS at 8hr, followed by increased abundance compared to
controls in the EMB at 6hr and the VVY'S at 10hr.

3.6: Co-regulated protein clustering

Clustering of EMB abundance data lead to two co-regulated protein clusters of 624 (EMB
Cluster 0) and 536 (EMB Cluster 1) proteins each (Figure 2). The main time points of
divergence between control and VPA in these clusters are at 6 and 10 hr. Pathway analysis
of enriched biological process gene ontology (GO) terms was conducted for each EMB
and VYS co-regulated abundance cluster. EMB Cluster 0 showed significant enrichment
for 11 biological process GO-terms (Figure 3). Of these 11 terms, there was enrichment
for two developmentally relevant pathways including, epidermal growth factor signaling
and forebrain development. EMB Cluster 1 was enriched for 21 biological process GO-
terms (Figure 3). None of these EMB Cluster 1 pathways were specifically related to
development, but negative regulation of apoptotic process and oxidation-reduction process
are still noteworthy due to apoptosis serving as an important mechanism of programmed cell
death during development and VPA’s association with oxidative endpoints.

Clustering of VYS data also lead to two distinct clusters of 738 (VYS Cluster 0) and 601
(VYS Cluster 1) proteins respectively (Figure 4). For the two VYS clusters, the single time
point of divergence between the Ctl and VPA samples occurred at 4 hr in both clusters.

VYS Cluster 0 had 14 significantly enriched pathways biological process GO-terms (Figure
5). None of these pathways were directly relevant to development, although cardiac muscle
cell apoptosis may be partly related to heart development. VYS Cluster 1 showed significant
enrichment for 31 biological process pathways with several relevant to development or
oxidation (Figure 5). Developmental pathways included the following: skeletal muscle
tissue differentiation, cerebral cortex neuron differentiation, and axon extension. Oxidation
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relevant pathways included oxidation-reduction process, cellular response to hypoxia, and
response to reactive oxygen species (ROS).

EMB Cluster 0 and EMB Cluster 1 were significantly enriched for 65 and 64 transcription
factors (TFs), respectively. Of these enriched TFs, 6 were unique to EMB Cluster 0 and

5 were unique to EMB Cluster 1 (Table 3). The TFs unique to EMB Cluster 0 had 4
developmentally relevant TFs based on the NCBI Entrez Gene summary, while EMB Cluster
1 had 2 TFs of developmental relevance. In the VY'S abundance clusters, there were 64
significantly enriched TFs in VYS Cluster 0 and 65 in VYS Cluster 1. VYS Cluster 0 was
enriched for 7 TFs that were unique compared to 8 unique TFs for VYS Cluster 1. Five of
the enriched TFs for VYS Cluster 0 are developmentally relevant and 4 of the enriched TFs
for VYS Cluster 1 are developmentally relevant.

3.7 Comparative Toxicogenomics Database (CTD) Enrichment Test

The CTD contained 4,554 Mus musculus genes with previous associations with VPA. The
protein lists from the EMB in our analysis, were significantly overrepresented (p<0.05) in
this list of genes at 2, 4, 6, and 8 hr (Table 4). The protein lists from the VYS in our analysis
were significantly overrepresented (p<0.05) in this gene list for all 5 time points (Table 4).

4: Discussion

Focused research on the role of gene expression during early metazoan development has led
to significant insights into the process and control of embryogenesis but has failed to provide
a complete understanding that includes the additional layers of intricate control through
environmental and chemical cues. Regulatory responses to external and intrinsic signals

are mediated, in large part, through the biosynthesis and posttranslational modification

of proteins that define growth, differentiation, and morphogenesis, both spatially and
temporally. Using VPA as a known embryo toxicant and disruptor of NTC we sought to
evaluate changes in protein abundance in the mouse conceptus following VPA exposure that
are time and tissue-specific with the goal of identifying proteins that may be involved in
VVPA’s mechanism of developmental toxicity. The analysis identified over 4,800 proteins in
EMB and VYS with hundreds of these proteins exhibiting differential abundance between
control and VPA treated samples during at least one time point.

Previous studies of developmental biology and toxicology have frequently focused
exclusively on the cells and tissues of the embryo proper, ignoring the shared vascular
system and functional dependence of the extraembryonic VYS tissues that make up

the intact and viable conceptus. Paucity of EMB tissue and complexities related to
developmental dynamics precluded closer inspection of individual EMB tissue types in this
analysis but do allow for comparison of EMB and VY'S. The observed differences between
EMB and VYS in their response to VPA, as interdependent developmental tissues, result
from many factors including their germline origins (EMB — female; VYS — male which,
through imprinting result in differential gene expression), different types of environmental
interface, and overall developmental juxtaposition within the conceptus (Wang et al., 2013).
As such, tissue specificity was a key component of the analysis with EMB and VYS protein
abundance measured independently. The independent assessment of EMB and VYS is due
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to the unique roles played by these tissues where the EMB will form into the fetal and
eventually adult mouse, and the VYS is a uniquely developmental tissue, vestigial in the
human but present in the mouse throughout gestation. The VY'S performs many roles that
are essential for the development of the EMB proper including germ cell maintenance and
release, hematopoiesis (blood islands), vasculogenesis, angiogenesis, nutritional uptake prior
to placentation, a source of mesenchymal stem cells and as an essential environmental
interface for signaling and regulation (Zohn and Sarkar, 2010; Aires et al., 2015; Halbach et
al., 2020; Ross and Boroviak, 2020). Due to these critical roles played by the VYS during
early organogenesis, it is essential to include a separate assessment of the EMB and VYS

to identify any distinct responses to, and consequences of, VPA exposure even though our
downstream stream mechanism of interest of NTC appears historically to lie solely within
the EMB proper. This study also extends our knowledge of VVPA teratogenesis during early
organogenesis by performing a time course analysis of its effects on the mouse VY'S and
EMB during the process of NTC.

Overall, this study identified 1,510 proteins in the VYS or EMB across five time points
that had significantly different abundance in VPA-treated samples compared to controls.
Of note, the majority of proteins with significant abundance differences were specific

to a given tissue and timepoint (Figure 1B,C,D). This emphasizes the importance of

tissue and time specific analyses in developmental toxicology and highlights the need

for further analysis to summarize findings at the pathway or regulatory level since

the overlap of individual proteins is limited. To ascertain the biological significance of
these altered proteins, we performed several subsequent analyses including 1) Pathway
Analysis, 2) Transcription Factor Enrichment Analysis, 3) Co-regulated protein clustering,
4) Comparative Toxicogenomics Database Enrichment Test. Together, the findings of these
analyses unveil patterns of perturbation by VPA that can be utilized to generate hypotheses
for future mechanistic toxicology studies that can more precisely identify mechanisms of
VPA teratogenesis.

Pathway analysis was performed using two complementary approaches. DAVID performed
an overrepresentation test of proteins that were significantly increased or decreased in
abundance (Table 1) while pre-ranked GSEA identified pathways that were significantly
enriched for genes with high or low abundance ratios regardless of statistical significance
(Supplemental Table 2). The goal of the pathway analysis was to generate hypotheses
regarding the molecular mechanisms of VPA’s NTC disruption for each time point and
tissue. Due to the large number of significant pathways generated through this analysis,
discussion will focus on pathways identified through DAVID analysis that have relevance
to NTC (Figure 6). Focusing on these pathways leads to emerging temporal themes

with developmental pathways in the EMB being predominately enriched for increased
proteins and in earlier stages of exposure (2—6 hr), while in the VYS these pathways are
predominately present at later exposure times (4-10 hr). The pathways with the greatest
relevance to VPA and NTC are all enriched in the EMB for increased proteins after 2

hr VPA exposure and include Wnt signaling/planar cell polarity, neural tube closure, and
convergent extension (CE). The non-canonical Wnt/Planar Cell Polarity (PCP) signaling
pathway is a necessity for completion of the CE process involved in NTC (Wang et al.,
2019). PCP is responsible for establishing and maintaining cell polarity and movement to
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establish tissue organization. In the context of CE, the PCP pathway directs the reshaping of
the neural epithelium through sequential resolution of the anteroposterior cell junction and
extension along the mediolateral junction followed by intercalation of the newly shaped cells
guided by actin protrusions (Butler and Wallingford, 2017; Wang et al., 2019). This process
of cellular re-shaping and movement is what drives the folding of the neural plate into

the neural tube using both directional cell migration and collective cell movement (Mufioz-
Soriano et al., 2012; Nikolopoulou et al., 2017). Normally, studies of gene function in

cases of developmental toxicity that produce birth defects focus on deletions and mutations
that result in loss of function, where the genetic lesion would result in the absence of a
critical protein. However, the results of the present study suggest that, irrespective of gene
expression, developmental protein abundances can vary dynamically in space and time and
the increased abundance of specific critical proteins is also associated with developmental
defects. This appears to be the case at 2 hr in the EMB where successful NTC is decreased
following VPA exposure, but proteins associated with Wnt signaling, PCP, CE, and NTC
pathways exhibit increased abundance. It has been proposed that VPA-induced loss of
protein function through posttranslational modification is also occurring, such as through
redox mediated oxidation, that is known to result in dynamic changes in cell differentiation
and growth (Funato and Miki, 2010; Sandieson et al., 2014).

Many of the other developmentally relevant pathways identified through DAVID pathway
analysis are directly involved in the NTC process through supportive roles that help

to orchestrate the cell movement required for CE and guided by Wnt/PCP signaling
including cytoskeletal organization, cellular proliferation, cellular motility, and cellular
adhesion (Mufioz-Soriano et al., 2012; Nikolopoulou et al., 2017). Early enrichment of
these pathways in the EMB may initially be viewed as advantageous for promoting NTC
closure. The early enrichment, however, is associated with the 7ailureto complete closure
following VPA exposure, suggesting that premature activation of canonical Wnt and other
NTC pathways may disrupt the normal developmental sequencing.

Another pathway of interest identified through DAVID for increased proteins in the VYS

at 6 hr is cellular response to hydrogen peroxide, which ties in with our previous work

that demonstrated spatiotemporal shifts in redox potential in NTC stage mouse conceptuses
(Lapehn et al., 2021). In addition to redox shifts being linked to VPA exposure, redox
balance is also an essential developmental process that has been linked to signaling
mechanisms through post-translational oxidative modifications of protein cysteine residues
(Hansen et al., 2020). Changes to the cysteine redox proteome have been measured in aging
mice, but more research is needed in this space to understand how VVPA and other teratogens
with oxidative endpoints may affect the proteome through post-translational modification
and redox signaling (Xiao et al., 2020).

Enrichment of redox process pathways was also noted in the DAVID pathway enrichment
performed for the cluster analysis. Protein clustering of abundance values in the control
and VPA-treated EMB or VY identified two clusters of proteins (within each tissue)

that show co-regulated shifts in abundance over time (Figures 3, 4, 5, 6). Comparing the
control and VVPA-treated cluster patterns, it is recognized that in the EMB there are distinct
differences in abundance of EMB Cluster 0 and EMB Cluster 1 proteins at 6 hr and 10 hr,
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whereas in the VYS, the time with the greatest abundance difference by treatment was at

4 hrin VYS Cluster 0 and VVYS Cluster 1. The Redox relevant pathways were identified
in VYS Cluster 1 with enrichment for oxidation-reduction process, response to reactive
oxygen species, and cellular response to hypoxia (Figure 5). These pathways are elevated
in VPA-treated VY'S at 4 hr compared to control VYS, thereby directly preceding the VYS
enrichment for cellular response to hydrogen peroxide in our DAVID analysis of significant
VYS proteins at 6 hr.

A transcription factor enrichment analysis was performed to identify possible upstream
mechanisms of changes to protein abundance occurring at the transcriptional level. Enrichr
performs an overrepresentation test of significant proteins for each time point compared

to transcription factor binding sites for the associated genes. Notable findings in the
transcription factor enrichment included that there were 22 distinct TFs with functions
relevant to developmental processes (bolded in Table 2). Significant proteins in the VYS
were enriched for 20 distinct developmental TFs, while the EMB was enriched for 15.
There were two developmental TFs that were only enriched in the EMB which included
RCOR1 and NANOG and seven developmental TFs that were only enriched in the VYS
including: PBX3, HNF4A, NFIC, PPARG, E2F4, SIX5, and FOXP2. Of these tissue-specific
developmental TFs, NANOG which was enriched in our data for EMB proteins with
decreased abundance at 4 hr has previously been associated with upregulation of TF Gem1
(under conditions of folate deficiency) which is involved in the regulation of the Wnt
signaling pathways that control developmental patterning associated with proper NTC (Li et
al., 2021). NFIC was enriched for decreased proteins in the VYS at 8 hr and has previously
been shown to be elevated in a mouse model of NTDs (Huang et al., 2021). Further research
is needed to understand the potential role of the other enriched TFs in NTD pathogenesis
and to understand how the spatiotemporal transcriptome of the \VPA-exposed conceptus
relates to the proteome.

In total, this study identified 1,510 proteins that were affected by changes in protein
abundance in either the VYS or EMB across ten hours of early organogenesis in the mouse
conceptus. Due to the large number of proteins, however, we are unable to follow-up on all
individual proteins with additional experimental evidence of their role in VPA teratogenesis.
The CTD is an online database that contains manually curated associations between genes
and environmental or pharmaceutical exposures based on published peer-reviewed literature.
In total 428 of the significant proteins identified in our TMT analysis (28.3%) were included
in the CTD as genes with previous associations with VPA in mice. To quantitatively assess,
if our significant proteins were overrepresented in the CTD at each time point, we leveraged
the full list of VPA-associated genes from the CTD to perform a Fisher’s Exact enrichment
analysis. The enrichment test concluded that all timepoints in the VYS and the 2-8 hr
timepoints in the EMB had greater overlap with the CTD VPA-associated gene list than
expected by chance. This conclusion provides strong supporting evidence for the association
between these proteins and VPA in mice. Additional evidence supporting the connection

of these genes previously associated with VVPA is that of the 202 significant proteins that

are shared in at least two time points or tissues, there are 53 that are associated with VPA

in the CTD (Figure 1E). Of these proteins, there were four that were significant for three
time points and/or tissues. These proteins included Tubb3 (4hr EMB Increased, 8hr EMB
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Increased, 8hr VVYS Increased), Fbl (2hr EMB Increased, 8hr EMB Increased, 6hr VYS
Decreased), Arhgdlb (4hr EMB Increased, 8hr VY'S Increased, 10hr VY'S Increased) and
Parpl (2hr EMB Increased, 4hr EMB Increased, 6hr VY'S Decreased). Of all 53 of the
CTD-overlapping proteins that were significant for at least two time points or tissues, there
were 25 that were significant either in both tissues at the same time point, the same tissue at
adjacent time points, or different tissues but at adjacent time points. This shared temporality
of these proteins in addition to their annotation as VVPA-associated genes in the CTD

makes them strong candidates for further investigation. Future research should prioritize
mechanistic studies of the CTD overlapping proteins (indicated in Supplemental Table 1)
for a role in VVPA teratogenesis in mice and prioritize investigating their spatiotemporal
expression since the CTD enrichment cannot account for tissue of origin or timing of VPA
exposure. In addition to the extensive chemical-gene associations in the CTD, there are also
a small number of gene-disease associations. Of the genes associated with NTDs in mice
within the CTD, there were two that overlap with our proteins with differential abundance
in this study. Vangptl2 was increased in the EMB at 2 hr (LogFC=0.17) and associated with
NTDs (Wilson et al., 1990) and VPA within the CTD (Jergil et al., 2011). In the VYS,
Florl was decreased at 10 hr (LogFC= —0.16) and was associated with NTDs (Tang et al.,
2005) and VPA within the CTD (Finnell et al., 1997; Jergil et al., 2009, 2011; Kultima

et al., 2010). Future research should link the VPA-associated genes and proteins from this
study (and the CTD) to phenotypic NTD endpoints to directly confirm the link between
VVPA-altered gene/protein abundance and the etiology of NTDs.

The findings of this study are the result of a single acute exposure to VPA during an early
period of organogenesis. Whole embryo culture experiments conducted /in vivo as well as

in vitro confirm the ability of VPA to elicit NTDs as a result of a single dose (Tung and
Winn, 2011; Piorczynski et al., 2022). Due to the limited exposure window, it is not possible
to determine whether our results are specific to the length of exposure or a combination

of the timing and length of exposure to VPA. Future studies may benefit from performing
earlier /n vivo dosing of VPA in dams with measurement of protein abundance at these

same time points within organogenesis to determine whether the timing or duration of the
exposure is more critical for the response. /n vivo dosing provides the benefit of assessing
the roles of maternal transport and metabolism to the experimental design, which are lacking
in the whole embryo culture model. Despite this, it is evident that proteins exhibit a dynamic
response to VPA exposure and do not perpetually remain in a state of increased or decreased
abundance, thus emphasizing the importance of temporal measurements when evaluating

a compound for safety during pregnancy. An additional future direction for this research
would be to separately analyze organ and cell type responses to VPA exposure. By treating
the whole EMB proper as a single “tissue,” it is not possible to definitively conclude
whether instances of altered differentiation or proliferation for example are directly related
to the process of NTC or instead relevant to VPA’s effects on a separate organ or tissue
system.

Global quantitative proteomics, and omics technologies in general, are excellent
methodologies for generating hypotheses without the need for a priori selection of
targets, thus resulting in less biased study design and conclusions. However, despite
these advantages to proteomics technology, there are still important considerations for
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its implementation and interpretation. Unlike RNA sequencing, which has a standardized
pipeline, analysis of proteomics is more variable. This is partly due to lower precision

in proteomics than RNA sequencing because of limitations in LC-MS/MS methodology
resulting in poor quantitation of low abundance proteins and lower certainty in protein
identification due to shared peptide sequences (Fonslow et al., 2011; Muth and Renard,
2018). Due to these limitations, it is important to treat initial results as hypothesis generating
until samples sizes can be increased and results of important protein targets are validated
through additional methods. Despite these limitations, proteomics is a novel methodology
in the field of developmental toxicology with the capacity to reveal important patterns of
protein network expression that may be involved in structural birth defect development. The
presented proteomics results evaluate protein abundance following VPA exposure, however,
it is not currently known whether VPA may be affecting the structure, activity, or abundance
of these proteins through further post-translational modifications which should be evaluated
in future studies.

Herein we have presented evidence to show that the EMB and VYS respond to VPA in a
spatially independent and temporally specific manner through altered protein abundance

in early organogenesis. The altered abundance of over 1500 proteins following VPA
exposure confirms that VPA causes significant alterations in protein abundance within
specific regulatory pathways required for normal NTC such as Wnt signaling (planar cell
polarity, convergent extension), cytoskeletal dynamics, cellular proliferation, migration, and
adhesion, as well as oxidation-reduction processes. In total, 428 proteins of the differentially
abundant proteins were coded by genes with previous VVPA associations in mice that are
highlighted in the CTD. The identification of the other 1,082 proteins affected by VPA
without prior evidence of gene expression changes in mice in the CTD, underscores

the importance of spatiotemporal proteomics as a discovery tool and the importance of
independent investigation of gene expression and protein abundance dynamics in the context
of developmental toxicology studies.
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Early organogenesis stage mouse conceptuses were treated with 600uM VPA
using whole embryo culture for 2-10 hr.

Protein abundance was measured through tandem mass tag labeling and LC-
MS?2 which identified 1,510 proteins with differential abundance in the treated
embryo or visceral yolk compared to controls.

Protein abundance changes were dynamic across time and based on tissue
(embryo vs. visceral yolk sac).

428 of the significant proteins have previous associations with VVPA exposure
in mice based on the Comparative Toxicogenomics Database.

Pathway analysis revealed enrichment of multiple pathways relevant to
neural tube closure including convergent extension, Wnt Signaling/planar cell
polarity, cellular migration, cellular proliferation, cell death, and cytoskeletal
organization.
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Figure 1:
Summary of significant protein changes in EMB and VYS after 2-10hr treatment with VPA

compared to Controls. A) Number of significant proteins (p<0.05) for each tissue and time
B) Overlap of significant proteins across time points in the EMB C) Overlap of significant
proteins across time points in the VY'S D) Overlap of significant proteins across time points
in the VYS and EMB. E) Abundance ratio directionality for significant proteins shared by
at least 2 tissues or time points. Gray shading indicates a lack of significance for a given
protein and treatment group.
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Co-regulated protein clustering of EMB protein abundance values in Clust identified two
unique clusters of proteins that showed similar expression patterns within a given treatment
group. A full list of proteins in each cluster is available in Supplemental Table 3.
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- Cell Death
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21 Pathways

Figure 3:
EMB abundance cluster 0 (A) and cluster 1 (B) biological process GO-term pathway

enrichment in DAVID identified 11 and 21 enriched pathways, respectively with a p-value
< 0.05 using the full EMB protein list as background. Pie chart division is based on the
total number of pathways in each category in the main figure with division based on

the pathway’s —log10 p-value in the highlighted developmental pathways. A full list of
pathways is available in Supplemental Table 3.
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Figure 4:

Co-regulated protein clustering of VY'S protein abundance values in Clustidentified two
unique clusters of proteins that showed similar expression patterns within a given treatment
group. A full list of proteins in each cluster is available in Supplemental Table 3.
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Figure 5:
VYS Abundance Cluster 0 (A) and VY'S Abundance Cluster 1 (B) biological process GO-

term pathway enrichment in DAVID identified 14 and 31 enriched pathways, respectively
with a p-value < 0.05 using the full VY'S protein list as background. Pie chart division is
based on the total number of pathways in each category. A full list of pathways is available
in Supplemental Table 3.
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Visceral
Yolk Sac

Figure 6:
Timeline summary of proteins with significant changes in abundance in the EMB or

VYS alongside biological process gene ontology terms identified through DAVID pathway
analysis of the subsetted increased or decreased proteins which have relevance to the process
of neural tube closure. Created with Biorender.com
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Table 1:

Significant biological process gene ontology terms identified through DAVID pathway analysis of significant

(p<0.05) proteins that were increased or decreased for VYS and EMB.

Visceral Yolk Sac

Decreased

Increased

2hr Ribosome biogenesis

Short-term memory

Negative regulation of ATPase activity
4hr  Positive regulation of protein ubiquitination involved in ubiquitin-dependent

protein catabolic process

Cell migration

Cellular response to hydrogen peroxide

Regulation of cell proliferation

Regulation of protein kinase C signaling

Immune system process

R Proteolysis
6 hr
DNA methylation
Negative regulation of canonical Wnt signaling
pathway
Regulation of centrosome duplication
8hr Cellular response to interleukin-1 -
NLS-bearing protein import into nucleus
Negative regulation of gene expression
Transport Thymus development
Lipoprotein transport Thyroid gland development
10 hr Bone development Regulation of cell proliferation
Heart development Transcription, DNA-templated
Actin cytoskeleton organization Positive regulation of cell migration
Protein stabilization
Embryo
Wht signaling pathway, planar cell polarity
2hr - pathway
Neural tube closure
Convergent extension involved in
organogenesis
Regulation of transcription, DNA-templated Methylation
Cellular response to DNA damage stimulus Ribosomal small subunit assembly
Rac protein signal transduction S-adenosylmethioninamine metabolic process

4 hr Barbed-end actin filament capping Translation

Cell-matrix adhesion
Cellular response to amino acid stimulus

Cellular response to transforming growth factor
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Visceral Yolk Sac
Decreased Increased
beta stimulus
Bicellular tight junction assembly

6 hr - Myelin assembly

Attachment of GPI anchor to protein
Response to amino acid Ribosome biogenesis

DNA replication rRNA processing
Positive regulation of macroautophagy Single organismal cell-cell adhesion
8 hr DNA replication initiation Ribosomal small subunit assembly

Response to cadmium ion Ventricular cardiac muscle cell action potential
Post-translational protein acetylation rRNA methylation
Positive regulation of stress fiber assembly
Alpha-beta T cell differentiation
Negative regulation of endothelial cell .
10 hr Metabolic Process

apoptotic process

Cell motility

In addition to pathway analysis based on categorization of proteins into groups increased and decreased by VPA exposure, pre-ranked Gene Set
Enrichment Analysis (GSEA) was also performed. In the EMB, GSEA identified 46 developmentally relevant pathways that were more enriched
in proteins that increased in abundance following VPA exposure and seven pathways that were more enriched in decreased proteins (Supplemental
Table 2). There was no enrichment of developmental pathways at 4 hr for increased proteins, or 6, 8, and 10 hr for decreased proteins.
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Table 2:

Transcription factor enrichment of increased and decreased proteins within each tissue and time point from the
ENCODE and CHEA consensus transcription factors in Enrichr. Listed TFs are significant (adjusted p<0.05).
Bolded TFs are relevant to developmental processes based on GeneCard summaries.
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Visceral Yolk Sac Embryo
Decreased Increased Decreased Increased
NRF1, UBTF, TAF1, ATF2,
CHDL, ELF1, YY1, SPI1,
2hr MYC, MAX, E2F6 IRF1 N%'}{Fgéf‘f(c\(/*sz'_‘“’glzl* CTCF, RCOR1, CREBL.
YV GABPA, BRCAL, TCF3,
MAX, ZNF384
MYC, TAF1, GABPA,
E2F1, ZNF384, RFX5, SIN3A, E2F1, FLIL, MAX,
4hr ; ; E2F4, NRF1, TCF3, ZNF384, SPI1, BRCAL,
NANOG ELF1, PML, ZBTB7A.
TCF3, KLF4, YY1
TAF1, MAX, MYC, ZMIZ1, NEYB, NEYA. MAX. MYC,
CREBL, FLI1. BRCAL, NRF1,
ELF1, USF2, ZNF384, SIN3A, | SABPA, CTCF, E2F1, SP2,
i | G a 04 SN | BRCAL NRFL PBX3, IRF3, NR2C2, MYC, YY1, )
 ATF2, YY1, | RFX5, SPI1, UBTF, CREBL, | 2ZNF384, MAX, GABPA
USF1, NFYB, PBX3, CEBPD. | arq'Eore FLIT, ZBTB7A
CHD1, NFYA, SPI1, NELFE, (EZFO FLIL '
HNF4A, TAF7
TAF1, MYC, YY1, UBTF, TAF1, E2F4, NRF1, E2F6,
ATF2, PML, SIN3A, MAX, BRCAL ELFL NEYEB MYC, GABPA SIN3A, TAF1, YY1, NRF1, ATF2,
o hr ZNF384, BRCAL, CREBL, CRER A e inr | YYL MAX, TAF7, ATF2, [ MAX, SIN3A, PML, E2F6,
KLF4, E2F1, TCF3, GABPA, | CREBL TAEL NPV CHDL E2F1, CREB1, ELF1, ELF1, MYC, USF2, TAF7.
NFIC, STAT3, USF2, PPARG, ' YY1, BRCAL, CHDL, PML, E2F1, GABPA, RFX5, SPI1
E2F4 ZBTB33, RUNXL. ZNF384
TAF1, CREBL, YY1, UBTF,
MYC, BRCAL SIN3A, MAX,
Lohr | USF2 USF1, HNF4A ELFL, NRF1L, E2F4, NFYA, ELF1, | YY1, KLF4, MYC, TAFL, INF384
SPI1. BRCAL TCF3, E2F1, ZMIZ1, EGRI, MAX
PML, E2F6, USF1, FOXP2,
ATF2
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Table 3:

Transcription factors (TFs) uniquely enriched in one of the two co-regulated embryo and visceral yolk sac
abundance clusters. TFs are listed in order of significance, which required an adjusted p-value less than 0.05.
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Bolded TFs are related to developmental processes.

Enriched Cluster-specific Transcription Factors

EMB Cluster 0

KAT2A, RELA, BCL3, NANOG, POU5F1, FOXM1

EMB Cluster 1

FOS, RFX5, ZKSCAN1, PPARD, HDAC2

VYS Cluster 0

KAT2A, FOXM1, NELFE, NANOG, VDR, SOX2, TRIM28

VYS Cluster 1

ERG, IRF1, ZKSCAN1, NFIC, RFX5, HNF4A, GATAL, CEBPB
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Comparative Toxicogenomics Database Enrichment Test p-values and overlap across 2—10 hr timepoints for

Table 4:
EMB and VYS.
2hr 4 hr 6hr 8hr 10 hr
p-value 1.46E-10 7.70E-11 1.08E-09 1.15E-12 5.30E-02
EMB Overlap  56/189 58/195 39/113 66/214 15/79
VYS p-value 493E-04 131E-07 6.20E-12 1.17E-07 9.17E-10

Overlap

27/112 35/110 73/258 54/209 64/239
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