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Abstract

Introduction—Trophoblast invasion establishes adequate blood flow between mother and fetus
in early placental development. However, little is known about the cis-regulatory mechanisms
underlying this important process. We aimed to identify enhancer elements that are active during
trophoblast invasion, and build a trophoblast invasion gene-enhancer network.

Methods—We carried out ChlP-Seq for an enhancer-associated mark (H3k27Ac) at two time
points during early placental development in mouse. One time point where invasion is at its peak
(e7.5) and another time point shortly afterwards (€9.5). We use computational analysis to identify
putative enhancers, as well as the transcription factor binding sites within them, that are specific to
the time point of trophoblast invasion.

Results—We compared read profiles at €7.5 and €9.5 to identify 1,977 e7.5-specific enhancers.
Within a subset of e7.5-specific enhancers, we discovered a cell migration associated regulatory
code, consisting of three transcription factor motifs: AP1, Ets, and Tcfap2. To validate differential
expression of the transcription factors that bind these motifs, we performed RNA-Seq in the same
context. Finally, we integrated these data with publicly available protein-protein interaction data
and constructed a trophoblast invasion gene-enhancer network.

Discussion—The data we generated and analysis we carried out improves our understanding of
the regulatory mechanisms of trophoblast invasion, by suggesting a transcriptional code exists in
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the enhancers of cell migration genes. Furthermore, the network we constructed highlights novel
candidate genes that may be critical for trophoblast invasion.
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Introduction

In hemochorial placentation, trophoblast cells of the fetal placenta line the implantation site
and invade the maternal decidua, enabling maternal spiral artery remodeling, and
establishing adequate blood flow between mother and fetus [1-4]. Defects in this process of
trophoblast invasion can lead to a number of disorders that have detrimental effects on both
the mother and the child. Excessive trophoblast invasion may contribute to the pathogenesis
of placenta creta, a severe pregnancy complication in which abnormally deep attachment of
the placenta to the myometrium is observed [5-7]. Shallow invasion results in hypoxic
trophoblast tissue, which can cause oxidative stress in the placenta and has been associated
with pre-eclampsia and intrauterine growth restriction [8,9].

Yet the mechanisms underlying trophoblast invasion are poorly understood. Several genes
and transcription factors (TFs) have been identified as important for regulating this process
[2,10,11]. Nevertheless, little is known about how the genes are regulated, or about the
enhancers to which the TFs bind to regulate gene expression. Enhancer regions (distal cis-
regulatory regions that regulate spatiotemporal gene expression) are crucial to many
processes, and often contribute to disease when disrupted [12,13]. Single nucleotide
polymorphisms (SNPs) associated with placental disorders often reside in non-coding DNA,
indicating the importance of hon-coding enhancer elements in these disorders [14]. Next-
generation sequencing of mouse [15,16] and human [17-19] placentas, as well as
computational prediction [20], have been performed to identify putative placenta enhancer
elements, but none of these has focused on the process of trophoblast invasion. Identifying
enhancers genome-wide that contribute to the process of trophoblast invasion requires
assaying placental tissue at an early time point, while invasion is taking place.

To identify enhancer elements that are important during trophoblast invasion from the fetal
perspective, we carried out ChIP-Seq for H3k27Ac on mouse fetal placental tissue at e7.5
and e9.5. H3k27Ac is a histone modification that is associated with active enhancers [21].
E7.5 has been described as the time point for maximal trophoblast invasion in mice [22],
while €9.5 is a late post-implantation stage that we used for comparison to isolate enhancers
specific to e7.5 placentas and thus more likely to be crucial for the invasion process. While
human and mouse placentation differ in certain respects, genetic manipulation of the mouse
has been critical in providing insights into human placental development [4]. Furthermore,
mouse and human placenta share homologous cell types and gene expression patterns [23].
For example, the outermost cell layer of the placenta is composed of trophoblast giant cells
(TGCs) in mouse, and of extravillous cytotrophoblast cells in human, both of which display
invasive behavior and express Matrix Metallopeptidase 9 (Mmp9) and Stimulated by
Retinoic Acid 13 (Stral3) [23].
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By comparing the enhancer landscape of the mouse placenta at e7.5 to that at 9.5, we were
able to identify 1,977 enhancers with higher signal at e7.5. We then performed a motif
scoring analysis and discovered three transcription factor (for AP1, Ets and Tcfap2) enriched
within these enhancers. The subset of enhancers containing these three TF motifs is
frequently associated with genes that are important for the invasion process in mouse and
human. We performed transcriptome profiling to identify the specific TF family members
likely binding to these enhancers. Finally, we incorporated protein-protein interaction data to
construct a gene-enhancer network, which provides additional evidence for co-regulation of
genes with enhancers containing the AP1, Ets, and Tcfap2 motifs, and highlights novel
candidate genes that may be important for trophoblast invasion. By performing genomic
analysis at two time points that are close in development, we were able to better understand
regulatory mechanisms of a process that is particularly active during a small window of
time.

Material and Methods

ChlIP-Seq library construction and sequencing

Ectoplacental cone (EPC) tissue was dissected from embryos at e7.5, obtained from timed
pregnant CD-1 mice (Charles Rivers Labs). The EPC was separated from the maternal
decidua, embryo, and other extraembryonic tissue as described in [24]. At 9.5, the fetal
portion of the placenta was dissected. ChIP was carried out on two biological replicates per
time point. For each biological replicate at €7.5, EPCs from 25 pregnant mice (~10 embryos
per mouse) were combined prior to chromatin isolation. For each biological replicate at €9.5,
placentas from ~10 pregnant mice were combined prior to chromatin isolation. Chromatin
isolation and immunoprecipitation were carried out as previously described [25], but with
5ug chromatin and 1.2ug of H3k27ac antibody (Abcam ab4729, lot: GR24371-1) for the
immunoprecipitation assay.

ChIP-Seq libraries were prepared as described previously [26] using 2ng starting material
for each biological replicate. For each biological replicate, 2ng of input DNA was also
prepared as a control. Libraries were sequenced by the Stanford Center for Genomics and
Personalized Medicine (SCGPM) using the lllumina GAIIx, and single-end 36 base pair
reads.

ChlP-Seq data processing and peak-calling

GAlIx output was also analyzed by the SCGPM, using the Genome Analyzer Pipeline.
Sequence tags that aligned uniquely to the mouse genome build mm9 with 0,1, or 2
mismatches, according to the ELAND alignment algorithm, were retained for further
analysis. The number of sequence tags for each sample can be found in Supplementary
Table SI.

Sequence tags from biological replicates were combined prior to peak calling. Peak calling
was performed using GLITR [26] with default parameters, a 5% false discovery rate cutoff,
and a maximum peak height >20. Data were further filtered to remove peaks that were also
identified in input control data, and because of our interest in distal cis-regulatory elements,
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to remove peaks that overlapped exons (using the UCSC mm9.knownGene table) or that
were within 2.5kb of a gene transcriptional start site.

Luciferase Assays

Mouse trophoblast giant cells (TGCs) were differentiated from trophoblast stem cells as
described previously [20]. We did not select for a particular type of giant cell, so the TGCs
likely represent a heterogeneous population as was found previously [27]. Putative
enhancers were cloned into the pGL4.23 Ligation Independent Cloning vector, and
transfection assays and luciferase assays were performed as described previously [20]. For
cloning, peak coordinates were adjusted to respect conserved DNA boundaries based on
Multiz alignments from Mouse to Rat and Human. Primers used to amplify genomic regions
are listed in Supplementary Table S2.

Identification of enhancers with higher activity at e7.5 versus €9.5

In order to identify enhancers with the most differential activity between time points, we
first combined the peak files of both time points, to obtain peaks that are active at e7.5 or
€9.5. Overlapping peaks were merged. For each peak, a fold was calculated by normalizing
the maximum number of overlapping tags at the peak by the number of tags that mapped to
chromosome:

max OverlappingTags(e7.5)
chromosomeTags(e7.5)

max OverlappingTags(e9.5)
chromosomeTags(e9.5)

e7.5fold=

From the set of merged peaks, we then obtained: (1) those peaks that have higher signal at
e7.5, as the peaks with the highest 25% peak-height fold difference at e7.5 compared to
€9.5; and (2) those peaks that have higher signal at €9.5, as the peaks with the highest 25%
peak-height fold difference compared to e7.5. Peaks that were not in set (1) or (2) were
considered to have strong activity at both time points.

Significance of overlap with mouse functional data sets

Mouse H3k27Ac data from 19 tissue types [15] were downloaded from the Ren Lab
website: http://chromosome.sdsc.edu/mouse/download.html. The point coordinate in the
H3k27Ac file was padded by £500bp, and regions overlapping exons or within 2.5kb of a
transcription start site in mm9 were removed.

To assess overlap significance of the 19 H3k27ac sets with the €7.5/€9.5 placenta peaks, we
first created 10,000 shuffles of the peaks. For each shuffle, we counted the number of times
each mouse tissue set was overlapped. We then calculated the fold enrichment, as the
observed overlap divided by the mean shuffled overlap. The z-score was calculated as the
(overlapgpserved-0Verlapexpected)/(standard deviation).

Significance of overlap with human placenta data

DNAse | hypersensitive sites in human placenta [17,18] were provided by the
Stamatoyannopoulos lab, and data from 6 samples were combined as described previously
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[20]. Peaks overlapping exons or within 2.5kb of a transcription start site in hg 19 were
removed.

To assess overlap significance of €7.5 or €9.5 peaks with the DNAse | peaks, we first
converted mouse peak coordinates to human (hgl9) coordinates using UCSCs liftover tool
with default parameters. We then shuffled each e7.5 or €9.5 placenta peak set across the
genome 10,000 times. For each shuffled set, we counted the number of times the DNAse |
peaks were overlapped.

Transcription factor library curation

A transcription factor motif library was curated as described previously [28], with motifs
added from additional studies and resources [29-34], resulting in a non-redundant set of
1,651 motifs.

Binding site prediction and enrichment analysis

To compare binding site occurrence across peaks at different time points, peak widths were
all set to £500bp from the peak center. Binding sites for TFs from the library were predicted
using the PRISM excess conservation approach that has been described previously [28],
with the following parameters: binding site prediction threshold of 0.9; binding sites were
allowed to shift by 20bp relative to the reference; binding sites had to be present in human
(hgl9); and the p-value of the observed motif score against motif shuffles in similarly
conserved windows had to be <0.05. After obtaining binding site predictions for each TF,
we counted the number of times each motif occurred in e7.5-specific enhancers, €9.5-
specific enhancers (background set 1), and regions that were matched in GC content and
length to the e7.5-specific enhancers (background set 2). We then calculated a p-value
(using the hypergeometric test) and fold enrichment for each motif using occurrence counts
in the e7.5 set versus each background set. A motif was considered significantly enriched at
e7.5 if: it had a p-value<3e-6 (to account for 1,651 motifs tested) using each background; it
had a fold enrichment =1.5 compared to each background; and it occurred in >10% of the
e7.5-specific peaks. After discovering Ets and AP1 motifs within 100bp enriched in the
peaks with higher signal at 7.5, we identified additional peaks with higher signal at e 7.5
with this pattern by reducing the binding site prediction threshold to 0.8, and extending
peaks >1000bp back to their original length. For genome-wide predictions, a prediction
threshold of 0.9 was used.

RNA-Seq library construction and sequencing

Placenta tissue was dissected at €7.5 and €9.5, as described above. RNA-Seq was carried out
on 3 biological replicates per time point. For each biological replicate at 7.5, we pooled 5
EPCs, and for each biological replicate at €9.5, we pooled 2 placentas. RNA was isolated
using the Qiagen RNeasy Micro Kit, following the manufacturer’s protocol. RNA quality
was assessed using the Agilent Bioanalyzer, and all samples had a RIN score < 8.7.

Samples were enriched for mRNA and prepared for sequencing using Illumina’s TruSeq
Stranded mRNA Sample Prep Kit, following the manufacturer’s protocol, and starting with
I|lg total RNA. All libraries were pooled and then sequenced by Elim Biopharmaceuticals,
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Inc. using the Illumina HiS eq 2500 with 100bp paired end reads. The pooled library sample
was run over two sequencing lanes (technical replicates for each sample).

RNA-Seq data processing

Reads were aligned to mm9 using STAR v2.4.0 with default parameters [35]. Following
alignment, reads from technical replicates were combined using the samtools merge function
[36]. FPKMs were estimated, and genes with significant differential expression between
e7.5 and 9.5 were determined using Cufflinks v2.2.1 and Cuffdiff v2.2.1 [37], with default
parameters and a mask file specifying that rRNA, tRNA, and mitochondrial RNA from mm9
should be ignored. Genes with FPKM<1 were not considered to be expressed. Replicate
clustering dendogram and FPKM distribution plots were generated using the cummeRbund
package [38].

Genomic Region Enrichment Analysis (GREAT)

Enrichment analysis was performed using GREAT (http://great.stanford.edu/) v2.0.2 [39],
with default parameters, unless otherwise noted in the text. We always required that at least
ten genes in the term were hit. For the MGI Mouse Phenotype ontology, we used a version
in which only single mutant gene to phenotype associations are included.

Cell migration gene network construction

Enhancers with the AP1/Ets/Tcfap2 pattern were associated with genes using regulatory
domains defined through GREAT (http://great.stanford.edu/) v2.0.2 [39]. This gene set was
used as input for string-db (http://string-db.org/) v9.1 [40]. We required medium-high
confidence (.5) for predicted interactions, which are visualized in the confidence view.
Interaction enrichment was calculated using the string-db function. For visualization only,
genes with zero predicted/known interactions were removed. If a gene is annotated in the
“regulation of cell migration” GO Biological Process term, or the “abnormal angiogenesis”
MGI Mouse Phenotype term, the gene is considered a migration/angiogenesis gene.

Animal care and use

All animals were treated under protocol #18487 approved by Stanford University
Institutional Animal Use and Care Committee.

Results

E7.5 and €9.5 H3k27Ac peaks are near placental development genes

In order to identify enhancer elements active during early placental development, we carried
out ChlP-Seq for an enhancer-associated mark, H3k27Ac, on 7.5 and €9.5 fetal placentas.
Following data processing and peak-calling (see Methods), we identified 7,224 peaks
(putative enhancers) at €7.5 and 7,620 peaks at €9.5. Enhancers were assayed in placental
tissue, and therefore enhancer peaks are expected to be near placental genes. Indeed, we
observe high H3k27Ac signal upstream of genes known to be important for placental
development, such as Heart and Neural Crest Derivatives Expressed 1 (Handl) [41,42]
(Figure 1A). We also confirmed that putative enhancers are able to drive gene activity in a
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relevant placenta cell type by performing luciferase assays in mouse trophoblast giant cells
(TGCs). We tested 15 putative enhancers from the union of the e7.5 and €9.5 peaks, 14 of
which are associated with genes that have previously been shown to be expressed in TGCs
(Supplementary Table S3) [43]. We also tested the mouse placental lactogen Il (mPL-I1)
enhancer as a positive control [20,44]. Of these 15 putative enhancers, 13 (87%) are able to
drive luciferase activity more than 2-fold compared to an empty vector control (Figure 1B).
To investigate specificity of the enhancers, we also measured activity in trophoblast stem
cells (TSCs). Of the 13 enhancers that are able to drive luciferase activity in TGCs, 11
(85%) have higher activity on average in TGCs, compared to 2 (15%) that have higher
activity on average in TSCs; and 7 (54%) have significantly higher activity in TGCs,
compared to 1 (8%) that has significantly higher activity in TSCs (p-value<05) (Figure 1B).

To determine whether enhancer peaks are generally enriched near placental genes, we used
GREAT, a genomic regions functional enrichment analysis tool. For both time points, the
top term for the GO Biological Process ontology is “placenta development”, and for the
MGI: Mouse Phenotype ontology, placenta and embryonic growth terms make up the top 3
(Figure 1C). Other top terms enriched in the GO Biological Process ontology are related to
cytoskeletal integrity, which has been shown to be important for differentiation of invasive
trophoblast giant cells [45,46]. The functional enrichment analysis test not only serves as a
global quality control, demonstrating that the H3k27Ac peaks are generally associated with
placental genes, but also provides many avenues for future research, as most of these
enhancers, and the pathways they are working together to regulate, have not yet been
characterized in placental development.

E7.5 and €9.5 H3k27Ac peaks have significant overlap with other placenta datasets

To further assess the quality of each data set, and their association with placental tissue, we
calculated the peak overlaps with H3k27Ac peaks from 19 tissue types, including el 4.5
placenta, generated through the mouse ENCODE project [15]. As expected, the e7.5 and
€9.5 placenta H3k27Ac peaks show the most significant overlap with the ENCODE el4.5
placenta peaks (Figure 1D). While the e7.5 and €9.5 placenta peaks overlap significantly
with the 32,467 el 4.5 peaks, they are not subsumed, and each set has numerous unique
peaks relative to the el 4.5 peaks (2,772 at e7.5 and 2,401 at €9.5).

To confirm the relevance of our mouse data to human, we first determined that, at each time
point, almost 80% of the peaks have sequence conservation in human (77% at €7.5 and 78%
at €9.5). Moreover, after mapping mouse peaks to orthologous human coordinates, the peaks
are still enriched near placental genes (Supplementary Figure S1 A), and the peaks overlap
with human placenta (85-113 days) DNAse-Seq data more than would be expected by
chance (p-value<10™#, z-score>78) (Supplementary Figure S1B). Again, while the overlap
is significant, many peaks do not overlap with the DNAse-Seq data (4,000 at 7.5 and 4,096
at €9.5).

E7.5-specific enhancers are near trophoblast invasion genes

We were interested in enhancers more likely to be involved in trophoblast invasion, so we
identified peaks that have the highest relative H3k27Ac signal at e7.5 versus €9.5 (see
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Methods). This procedure identified 1,977 peaks that have higher signal at 7.5 (hereafter,
e7.5-specific enhancers) (Figure 2A). While the top GREAT terms for the full set of €7.5
enhancer peaks were related to general placental development, we see more specific terms
for the e7.5-specific enhancers: increased acute inflammation (p-value= 1.11x10713);
abnormal blood vessel physiology (p-value=5.11 x10710); and pre-eclampsia (p-
value=4.48x10719) (Figure 2B).

Among the e7.5-specific enhancers are those that are likely important for trophoblast
invasion. For example, Mmp9 is a gene that is known to be relevant for trophoblast invasion
in mouse and human [47-49]. In addition to its contribution to trophoblast invasion, MMP9
protein expression is weak or absent in pre-eclamptic placentas compared to placentas from
normal pregnancies [50]. However, distal cis-regulatory elements that may be regulating this
gene in the placenta have never before been identified. Our analysis identified one such
element, with strong enhancer activity at e7.5 compared to €9.5, in an unstudied region
upstream of Mmp9 (Figure 2C). This region was confirmed to drive luciferase activity in
TGCs (Figure 1B), which have previously been shown to express Mmp9 itself
(Supplementary Table S3) [43]. Identifying genomic regions such as these, with 7.5-
specific enhancers that are associated with known invasion genes, is important for
understanding the mechanisms underlying trophoblast invasion.

Dense e7.5-specific enhancer activity near trophoblast invasion genes

Genes flanked by a high density of enhancer activity are thought to be important for cell
identity, and are thought to be the most relevant in the context being assayed [51-55]. In an
analysis guided by the same concept, we searched for genes with dense e7.5-specific
enhancer activity, and identified genes that have more e7.5-specific enhancers than expected
by chance. For each gene, we used GREAT to calculate a p-value for the observed number
of e7.5-specific enhancers per gene, normalized to the length of the gene’s regulatory
domain. Using this analysis, we were able to identify genes that have a surprisingly high
density of e7.5-specific enhancers in their regulatory domains. The top five genes (by
GREAT p-value), as well as the functions for which they have been studied, are shown in
Table 1. For example, this analysis identified Adrenomedullin (Adm), which is known to be
important for the invasion process [56,57] (Figure 2D). However, distal enhancers that are
important for regulating this gene in the context of trophoblast invasion have never before
been identified. We highlight additional genes and their novel enhancers, such as
Prostaglandin 12 (Prostacyclin) Synthase (Ptgis), as likewise potentially important to
trophoblast invasion. Ptgis knockout mice have vascular disorders, mildly increased blood
pressure, and increased blood urea nitrogen and creatinine levels [58], however the role of
this gene specifically in trophoblast invasion, to our knowledge, has not been investigated.

Motif analysis reveals transcriptional code in e7.5-specific peaks

In order to determine whether a subset of e7.5-specific enhancers are co-regulated by a
common set of TFs, we searched for TF motifs that occur significantly more frequently in
e7.5-specific enhancers than in either of two background sets. The first background set
consisted of genomic regions matched in GC content and length to e7.5-specific enhancers.
The second background was the set of peaks with higher signal at €9.5 (e9.5-specific
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enhancers),. To search for motif occurrence in all three sets, we scanned a library of 1,651
non-redundant motifs and used a scoring metric described previously [28], requiring that
predictions be conserved in mouse and human (see Methods). We then calculated a p-value
for the significance of each motif occurring within e7.5-specific enhancers, relative to each
of the two background sets (see Methods).

The only two TF motif families that were significantly enriched in the e7.5-specific
enhancers, relative to both backgrounds, represent the DNA binding domains of the AP1 and
Ets transcription factor families (Figure 3 A). Interestingly, peaks that contain both of these
TF motifs are specifically enriched near cell migration genes, and the highest enrichment is
seen when the motifs are within 100bp of each other (Supplementary Figure S2).

We next broadened our search for the AP1/Ets motif pattern in the e7.5-specific enhancers
by lowering our motif match threshold, and extending the e7.5-specific enhancer region we
were searching in (see Methods). This increased our set size from 48 e7.5-specific enhancers
to 234 e7.5-specific enhancers with AP1 and Ets within 100 bp (AP1/Ets enhancers). These
234 enhancers preserve the significant association with cell migration genes (term:
regulation of cell migration, p-value=4.78x1075).

To identify any additional TFs working with API and Ets, we searched for other motifs
enriched near API or Ets in the AP1/Ets enhancers, compared to genomic regions matched
in GC content and length to AP1/Ets enhancers. The only motif that was enriched in this
analysis represents the DNA binding domain of the Tcfap2 family (p-value=1.4 x1076),
which was within 250bp of Ets (Figure 3B). In total, 108 of the AP1/Ets enhancers also have
Tcfap2 within 250bp of Ets (AP1/Ets/Tcfap2 enhancers) (Figure 3C). Interestingly, these
e7.5-specific enhancers, containing all three TF motifs, are enriched specifically for terms
relating to processes linked with trophoblast invasion (regulation of cell migration, abnormal
angiogenesis), unlike the other subsets of enhancers (Figure 3D).

Transcriptional code generalizes in a genome-wide scan

We wanted to determine, using statistical methods, whether the TF motifs occurred in a
particular arrangement AP1/Ets/Tcfap2 enhancers, as some enhancers contain rigid
arrangements of TF motifs [12]. To this end, for each pair of motifs in these enhancers, we
counted the number of instances each motif occurred at a particular distance from the other
(taking strand into account) [34], and found that the distance and orientation between each
pair of motifs is variable, with counts at each distance never exceeding 5 (Supplementary
Figure S3). This statistical analysis demonstrates that when considered as a group, the TF
motifs in the AP1/Ets/Tcfap2 enhancers are not in stringent positions relative to one another,
and therefore the transcriptional code cannot be specified further with these data.

We next determined whether the general pattern we identified is specific to trophoblast
migration/invasion, or whether it could be used to identify enhancers associated with cell
migration genes in other contexts. To do so, we looked genome-wide for the motif pattern of
AP1 and Ets within 100bp of one another, and Tcfap2 within 250bp of Ets (Figure 3B). We
identified 922 instances of this pattern across the genome. Strikingly, these putative
enhancers are highly enriched near cell migration genes (Table 2). We used functional data
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to identify a code for trophoblast migration/invasion, and this code persists at the genome-
wide level, indicating that we identified a transcriptional code that could be generally
important for the migration process.

RNA-Seq validates differential expression of predicted TFs

We identified three TF motifs to be overrepresented in e7.5-specific enhancers associated
with trophoblast invasion genes. However, there are multiple protein family members that
can all recognize similar DNA binding domains, and therefore have very similar TF motifs.
To determine which TFs likely bind to the e7.5-specific enhancers, we sought to identify the
TF family members that are the most highly expressed in e7.5 placentas, and the most up-
regulated compared to €9.5 placentas.

To this end, we performed RNA-Seq on e7.5 and 9.5 fetal placentas for three biological
replicates at each of the two time points. As expected, the replicates from each time point
cluster together (Supplementary Figure S4A), and the e7.5 and €9.5 FPKM (fragments per
kilobase of exon per million fragments mapped) distributions are similar (Supplementary
Figure S4B). Our H3k27Ac data and RNA-Seq data are well correlated, since the e7.5-
specific enhancers are significantly associated with genes that are up-regulated at 7.5, but
not with genes up-regulated at €9.5, in the RNA-Seq data (Supplementary Table S4).

Finally, in order to determine the TF most likely binding to the AP1/Ets/Tcfap2 enhancers,
we focused on the expression levels for each member of these TF families. Based on the
e7.5 FPKM and the fold difference (e7.5 FPKM/e9.5 FPKM), the TFs most likely binding to
migration enhancers at e7.5 are Fosl1, Ets2, and Tcfap2c (Figure 4). These expression-based
predictions are promising, as each of the three TFs has been implicated in placental
development [59-63], and Fosll has already been further implicated in trophoblast invasion
[62]. Our analysis suggests that all three factors are working together to regulate trophoblast
invasion, and identifies the specific enhancers to which they may bind.

Incorporating protein-protein interaction data to construct a trophoblast invasion gene-
enhancer network

If the AP1/Ets/Tcfap2 enhancers that we identified do in fact regulate genes in a common
pathway, then the observed interactions between the regulated genes, including in contexts
other than trophoblast invasion where they may also work together, should be higher than
expected by chance. To assess this, we first assigned each of the 108 AP1/Ets/Tcfap2
enhancers to genes, based on GREAT gene regulatory domains [39]. We then used this gene
set as input to string-db [40], a database for known and predicted protein-protein
interactions. Indeed, this set of genes is highly enriched for interactions (p-
value=8.77x1078), determined using the string-db functionality for calculating significance
of interactions between the input set of genes (Supplementary Figure S5).

The string-db network also highlights a core set of interactions (the largest component in
Figure S5), which consists of multiple genes known to be important in cell migration/
angiogenesis in various contexts (Figure 5A). More than half of these genes (18/30, 60%)
are significantly up-regulated in our RNA-Seq data at €7.5 compared to €9.5, providing
further evidence for co-regulation of genes with AP1/Ets/Tcfap2 enhancers. This network of
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genes and their cognate AP1/Ets/Tcfap2 enhancers not only further suggests the genes are
co-regulated, but also highlights additional candidate genes that may be involved in the
process of trophoblast invasion.

To ensure that the interaction enrichment was specific to the AP1/Ets/Tcfap2 enhancers and
not simply all e7.5-specific enhancers, we also performed this test on random subsets of
genes (matched in size to the number of genes with an associated AP1/Ets/Tcfap2 enhancer)
from the list of genes with associated e7.5-specific enhancers. The genes with AP1/Ets/
Tcfap2 enhancers are also enriched for interactions when compared to random sets of genes
with e7.5-specific enhancers (p-value<.05) (Figure 5B).

Discussion

We performed ChIP-Seq with H3k27Ac at two time points during early mouse placental
development, in order to identify enhancers important for trophoblast invasion. By
comparing the enhancer landscape at €7.5 to that at €9.5, we were able to identify 1,977
e7.5-specific enhancers. Many of these enhancers are upstream of genes known to be
important for trophoblast invasion, revealing the cis-regulatory mechanisms by which these
genes are likely regulated during trophoblast invasion.

We identified a TF motif code consisting of motifs for the API, Ets, and Tcfap2 families of
transcription factors within a subset of e7.5-specific enhancers. Interestingly, this set of
enhancers is most significantly associated with genes known to be important in processes
linked to trophoblast invasion. In order to identify the most likely TF family member
binding to this set of enhancers, we performed RNA-Seq, and determined that Fosl1, Ets2,
and Tcfap2c are strong candidates for co-regulating the trophoblast invasion genes. While
these three TFs are known to be important in the placenta, this enhancer transcriptional code
and the corresponding network of migration genes it is regulating are novel.

It is possible that other members of the AP1, Ets, and Tcfap2 TF families can bind
enhancers of trophoblast invasion genes. For example, AP1 is a dimer, and we predict one
component of the dimer is Fosll. Our data suggest that Fosll may be dimerizing with Junb,
however Fosl1 could also be dimerizing with TFs that are not differentially expressed
between the two time points. For the Ets family of transcription factors, we see that EIf3,
Elf4, and EIf5 are also differentially expressed between e7.5 and €9.5 placentas. This could
indicate that these TFs have overlapping roles with Ets2; recently it has been shown that
Ets2 can partially rescue EIf5—/- mutants, which have defects in extraembryonic tissue [64].
In order to fully understand the interplay among these TF family members, and their specific
contributions to trophoblast invasion, additional genetic studies will be needed.

When searching genome-wide for the same regulatory code that we identified in e7.5-
specific enhancers, by using predictions across the entire genome, we find hundreds of
additional putative enhancer elements that are also enriched near known migration genes.
This indicates that the AP1/Ets/Tcfap2 regulatory code is likely generally important for the
process of cell migration. Cell migration is important in many contexts, such as during
gastrulation, in the intestine, and in the immune system [65]. The process also contributes to
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vascular disease, cancer, and other pathological processes [65]. Therefore, it would be
interesting to follow up on the AP1/Ets/Tcfap2 regulatory code not only in the context of
trophoblast invasion, but also in cell migration in other contexts.

By comparing placental tissue at 7.5 and €9.5, our differential analysis could be identifying
patterns in cell types that comprise a larger portion of the e7.5 tissue, such as invasive
trophoblast cells. While the 7.5 tissue we dissected contains invasive trophoblast cells, and
cells on their way to becoming invasive trophoblast cells, the tissue is still heterogeneous
and the proportion of each cell population differs at e7.5 and €9.5. However, because
invasive cells do comprise a larger proportion of the tissue we dissected at 7.5, the analysis
methods we used likely isolate processes that are specific to the invasive cells. Nevertheless,
it would be useful to perform similar studies on a single cell basis, or on purified cell
populations, in order to better characterize the invasive cells in vivo.

We have demonstrated how the wealth of data obtained from next-generation sequencing
can be used to study a specific process, trophoblast invasion, by performing analyses to
bring thousands of peaks down to tens of putative enhancers driven by three transcription
factors, which may be some of the most important enhancers for that process. The rich
genomic data sets we produced could also be used to study other processes, such as
metabolic processes that may be more active in €9.5 placenta. More generally, functional
genomic studies of two or more time points can help isolate a process in a given tissue that
is highly active at a particular time point. Computational analysis can then be performed to
help understand the regulatory mechanisms underlying that process, and drive the most
exciting hypotheses for further experimental follow-up.

We used this approach to focus on the process of trophoblast invasion, which is most active
in e7.5 placenta. We found enhancers sharing a specific TF motif pattern associated with
cell migration genes allowing us to construct a trophoblast invasion gene-enhancer network.
Beyond the TFs that we identified in the trophoblast invasion gene enhancers, many other
components of the gene-enhancer network are worth future investigation. The network we
constructed opens up multiple avenues of research that will help us understand in more
detail the mechanisms regulating trophoblast invasion.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
A genome-wide in vivo enhancer map from e7.5 and €9.5 placenta is obtained
E7.5-specific enhancers are associated with trophoblast invasion genes
A transcriptional code is identified in enhancers associated with migration genes

A trophoblast invasion gene-enhancer network is constructed

Placenta. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Tutejaetal.

A

C

Page 18

5 e7.5 placenta: H3k27Ac signal

15 '|| €9.5 placenta: H3k27Ac signal
O NPT FP Y T WERTRPY | PR TRV SAVRY TRPR W 19y W14 UM“N‘I‘

20kbt

mmu e il ikl ..mu“ﬁ“lﬂw MMMMW Wm.m..

MI‘MM R

i Hand1 chr11: 57,644,296-57,694,667

256 1
128 A TSC ®TGC

- W
DN B

N B

1
0.5 1
0.25 -

N o A
& T

Relative Luciferase Activity
oo

-logyo(Binomial p-value)

10 20 30 40
placenta development ---------|
actin cytoskeleton org. NI EEI

actin filament-based proc. --------|
10 20 30 40 50
placenta development ............
actin cytoskeleton org. [HIHHBEEEEEEE|
actin filament-based proc. | HIHEEEEEEE

-log,o(Binomial p-value)

10 20 30 40 50 60
abn. placenta morph. ....-.....-.|

embryonic growth retardation [ lIHEEEEEEEEI
abn. trophoblast layer morph. I HIHBEEEEEE

0 10 20 30 40 50 60 70

abn. embryo size | I I N I N |

decreased embryo size [N
abn. placenta morph. [N N

Fold enrichment

N
(62
1

N
o
L

—_
a
1

—
o
1

e14.5/\
0 7.5 placenta overlap placenta

/\ €9.5 placenta overlap
e1450

placenta

18 other
tissues

100 200 300
Z-score

Figure 1. Characterization of H3k27Ac peaks in €7.5 and €9.5 placentas
(A) Genome browser showing high H3k27Ac signal at both time points upstream of a

known placental development gene, Handl. (B) 13/15 (87%) H3k27Ac marked putative
enhancers drive luciferase activity in Trophoblast Giant Cells (TGCs). 11/13 (85%) active
TGC enhancers have higher activity in TGCs on average compared to Trophoblast Stem
Cells (TSCs). * Significantly different activity between TSCs and TGCs (p-value.05). mPL-
11 serves as a positive control. Error bars represent the standard deviation of triplicates. (C)
Functional enrichment analysis showing that peaks at both time points are generally
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associated with placental genes. Top three terms in GREAT for GO Biological Process and
MGI Mouse Phenotype ontologies are shown. (D) E7.5 and €9.5 peaks show most
significant overlap with mouse ENCODE H3k27Ac data in el 4.5 placenta compared to 18
other tissues.
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Figure 2. Identification of e7.5-specific enhancers
(A) Venn diagram showing grouping of peaks into those with higher signal at 7.5 (e 7.5-

specific enhancers), and those with higher signal at €9.5 (9.5-specific enhancers). (B)
GREAT terms showing that enrichment for e7.5-specific enhancers are related to pregnancy
disorders and inflammation. Gray dashed lines indicate default GREAT cutoffs. (C) Genome
browser showing a putative enhancer upstream of Mmp9, a gene that is important for cell
invasion. (D) Genome browser showing dense e7.5-specific activity upstream of Adm, a
gene that is important for trophoblast invasion.
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Figure 3. Motif scoring in e7.5-specific enhancers
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(A) AP1 and Ets TF family motifs are the only motifs enriched in e7.5-specific enhancers
compared to €9.5-specific enhancers and a GC/length matched background. (B) Pattern
identified in e7.5-specific enhancers: AP1 motif within 100bp of Ets motif, and Tcfap2
motif within 250bp of Ets motif. (C) Overlap between Ets and AP1 group represents Ets and
AP1 motifs within IOObp of one another. 108 e7.5-specific enhancers contain the AP1/Ets/
Tcfap2 pattern from (B). (D) Functional enrichment analysis from each of the groups in (C)
shows that e7.5-specific enhancers with the AP1/Ets/Tcfap2 pattern are enriched specifically
for cell migration/angiogenesis like terms. Top three terms with fold =3 from GREAT are

shown.
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Figure 4. RNA-Seq data confirms expression of AP1, Ets, and Tcfap2 TF family members

Page 22

Plots showing e7.5 FPKM vs. log,(e7.5 FPKM / €9.5 FPKM) for (A) Apl, (B) Ets, and (C)

Tcfap2 family of transcription factors. TFs with the highest 7.5 FPKM and highest

log,(e7.5 FPKM / €9.5 FPKM) are strong candidates for binding AP1/Ets/Tcfap2 enhancers

during trophoblast invasion.
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Figure 5. Genes with AP1/Ets/Tcfap2 enhancers are enriched for known/predicted interactions
(A) Known and predicted interactions between genes with AP1/Ets/Tcfap2 enhancers were

generated using string-db. Our gene set is highly enriched for interactions, with migration/
angiogenesis genes at the core of the network. Thicker lines indicate higher confidence in
interactions. (B) Genes with associated AP1/Ets/Tcfap2 enhancers are more enriched for
interactions than random subsets of genes with associated e7.5-specific enhancers (p-
value<05).
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Table 1

Genes with multiple e7.5-specific enhancers

Genes with the most significant number of e7.5-specific enhancer peaks, sorted by GREAT p-value, which
adjusts for predicted gene regulatory domain length.

Gene p-value Number | Functions (PMID)
Symbol of peaks
Plac8 1.48x10718 | 11 . Expressed in e7.5 trophoblast giant cells (12758124)
. Knockout mice have defects in innate immune response(17404296)
Adm 9.10x10717 | 10 . Trophoblast proinvasion factor (15917349)
. Knockout mice have failed spiral artery remodeling (23635772)
Ptgis 1.19x1074 | 9 . Knockout mice have vascular disorders, mildly increased blood pressure, and increased
blood urea nitrogen and creatinine levels (12403673)
Tcfap2c | 2.14x10713 | 11 . Expressed in invasive extravillous trophoblasts (22560121)
. Knockout mice are early embryonic lethal due to placental defects (22560121)
Sept9 9.71x10713 | 11 . Knockout mice have generalized apoptotic degeneration (21824004)
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Table 2
Regions with AP1/Ets/Tcfap2 pattern are generally associated with cell migration genes

Page 25

Top 10 terms in GO Biological Process ontology for genome-wide predictions of APl /Kts/Tcfar2 nattern

from Figure 3B

Term p-value Fold Number
enrichment | of regions

Positive regulation of cell differentiation 4.49x10712 | 2.00 112
Negative regulation of cell proliferation 7.16x10711 | 2.06 94
Regulation of cell motility 8.36x10711 | 2.17 83
Regulation of cell migration 2.38x10710 | 2.15 81
Regulation of cellular component movement 6.14x10710 | 2.07 84
Regulation of locomotion 7.64x10710 | 2.03 87
Positive regulation of locomotion 5.29x1072 2.30 60

Cell fate commitment 9.88x1079 2.19 64
Positive regulation of cellular component movement | 2.16x1078 2.26 57
Positive regulation of cell motility 2.69x1078 2.27 56
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