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Summary

The human placenta and its specialized cytotrophoblasts rapidly develop, have a compressed
lifespan, govern pregnancy outcomes and program the offspring’s health. Understanding

the molecular underpinnings of these behaviors informs development/disease. Profiling the
extraembryonic epigenome and transcriptome during the 2" and 3™ trimesters, revealed

H3K9 trimethylation overlapping deeply DNA hypomethylated domains with reduced gene
expression, and compartment-specific patterns that illuminated their functions. Cytotrophoblast
DNA methylation increased and several key histone modifications decreased across the genome
as pregnancy advanced. Cytotrophoblasts from severe preeclampsia had substantially increased
H3K27 acetylation globally and at genes that are normally downregulated at term but upregulated
in this syndrome. Additionally, some cases had an immature pattern of H3K27ac peaks and
others showed evidence of accelerated aging, suggesting subtype-specific alterations in severe
preeclampsia. Thus, the cytotrophoblast epigenome dramatically reprograms during pregnancy,
placental disease is associated with failures in this process, and H3K27 hyperacetylation is a
feature of severe preeclampsia.

eTOC blurb:

Zhang, Kim et al. show significant alterations in the cytotrophoblast epigenome over pregnancy,
including increased DNA methylation and loss of modified histones. Throughout gestation H3K9
trimethylation overlapping DNA hypomethylated domains reduces gene expression. In placental
disease, e.g., severe preeclampsia, cytotrophoblasts have global increases in H3K27 acetylation
and at misexpressed genes.

Keywords

Human placenta; cytotrophoblast; DNA methylation; histone modification; gestational regulation;
preeclampsia

Introduction

In eutherian embryos, the first fate decision separates cells of the extraembryonic tissue
compartment from those of the embryo proper, allocating placental trophoblasts to the

outer surface while cells confined to the interior form the offspring. In the 15t trimester

of human pregnancy, trophoblasts differentiate into subpopulations. Near the uterine wall,
cytotrophoblast (CTB) progenitors give rise to cells that invade the uterus and its vasculature
(Figures S1A and S1C). Elsewhere, CTB fusion generates multinuclear syncytiotrophoblasts
(STBs) that form the surface of the chorionic villi that transport substances between
maternal blood and the embryo/fetus. The juxtaposed bilayers of the fetal membranes
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develop in parallel (Figures S1A and S1B). The inner surface, the amnion, encloses the

fluid that buoys the offspring. The outer surface, the chorion, is formed from CTB remnants
of chorionic villi that degenerate away from the placenta proper, which is anchored to the
decidua. By mid-gestation, 2"d trimester, mature placental structure and functions are largely
established. By late 3" trimester, the villi, which have reached the end of their lifespan,

have an expanded stromal compartment, fewer CTBs and STBs show signs of senescence
(Sultana et al., 2018).

Preeclampsia, a serious pregnancy complication that occurs in 3-8% of first pregnancies in
the early third trimester, is thought to occur when CTB invasion of the uterine wall and
resident maternal vessels is shallow (Brosens et al., 1972; Fisher, 2015). This pathological
feature reflects molecular defects in the CTB differentiation pathway that leads to invasion
and vascular mimicry (Zhou et al., 1997). This incomplete invasion leads to an abnormal
maternal inflammatory response and clinical signs, which are largely attributable to vascular
damage.

The transcriptional programs that specify a trophoblast fate or regulate differentiation of
these cells during normal pregnancy have been extensively studied (Maltepe and Fisher,
2015). Likewise, human placentas and CTBs of different gestational ages have been
transcriptionally profiled in normal pregnancy (Buckberry et al., 2014; Kim et al., 2012;
Winn et al., 2007) and preeclampsia (PE) (Gormley et al., 2017; Leavey et al., 2015; S&ber
et al., 2015; Zhou et al., 2013). In rabbits (Manes and Menzel, 1981), mice (Chapman et al.,
1984), and humans (Ehrlich et al., 1982; Santos et al., 2010; Schroeder et al., 2013), there is
evidence of globally reduced DNA methylation of the placenta with increased methylation at
term. Widespread hypomethylation is also a hallmark of cancer cells (Berman et al., 2011;
Feinberg and Vogelstein, 1983; Gama-Sosa et al., 1983) that share some characteristics of
CTBs (Piechowski, 2016). However, little is known about the multi-layered epigenome of
CTBs and other extraembryonic regions and the impact of gestational age at this level. Thus,
we undertook a comprehensive analysis of human CTB and extraembryonic epigenomes
during normal pregnancy (2" trimester and term) and in severe PE (SPE).

DNA methylation patterns differed by anatomical compartment and gestational age

DNA methylation profiles were generated via bisulfite sequencing and Infinium 450K array
from extraembryonic compartments (CTBs, smooth chorion, basal plate or maternal-fetal
interface, and chorionic villi) at different gestational ages (2"? and 3'd trimester/term). These
data were compared to the DNA methylation patterns of a human embryonic stem cell
(hESC) line and fetal brain. We used hESCs as a proxy for progenitors of the intraembryonic
lineages and brain to contrast our findings with another fetal organ. As aggressive cancers
also exhibit aberrant DNA methylation, among other shared features with the placenta (e.g.,
invasion) (Smith et al., 2017), we included a colon cancer methylome and the adjacent
normal mucosal tissue in our analysis (Berman et al., 2011).

Principal component analysis segregated the extraembryonic samples from all others (PC1;
Figures 1A and S2A-S2C). Within the extraembryonic group, they were separated by
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gestational age (PC2 and PC3). The exception was the smooth chorion, perhaps because of
its unique CTB progenitor population that is maintained throughout pregnancy (Genbacev
et al., 2011). The colon tumor was distinct from the somatic and embryonic tissues,

closer to the extraembryonic samples compared to other controls (PC1). The compartment-
and gestational age-specific patterns of the extraembryonic samples discovered by

bisulfite sequencing were corroborated by DNA methylation array analyses (Figure S2D).
Chromosome-level resolution of DNA methylation showed a unique pattern of global
hypomethylation punctuated by megabase domains of deeper hypomethylation across all
extraembryonic cells/tissues as compared to most of non-extraembryonic samples (Figures
1B, Chrl, and S2E, all chromosomes). This data extended previous reports that the

term chorionic villus and CTB genomes have partially methylated domains encompassing
gene-poor regions (Nordor et al., 2017; Schroeder et al., 2013). Colon tumor DNA was
similarly hypomethylated as extraembryonic compartments without deeper hypomethylated
loci (Figure 1B), suggesting that placenta has its unique DNA demethylation pathways.

In 2" and 3 trimester CTBs, a large portion of all the CpG sites had an intermediate
level of methylation with term CTBs having a higher proportion of fully methylated CpG
sites (Figure 1C) (Fuke et al., 2004; Nordor et al., 2017; Novakovic et al., 2011). At

the local level, CTBs and colon tumor samples had reduced CpG methylation across

genes and transposons as compared to hESCs and fetal brain (Figures 1D and 1E). ICRs
—characterized by parent-of-origin-specific methylation in somatic cells—had methylation
levels centered near 50% as in other cell/tissue types (Figure S2F), evidence that their
methylation level is maintained despite global hypomethylation. These results suggest that
the extraembryonic compartments have unique methylation patterns that varied by region
and gestational age.

Between the 2" and 3 trimesters of pregnancy, we observed an increase in CTB

DNA methylation both globally and locally. To investigate the potential mechanism, we
compared 2" and 3" trimester CTB mRNA levels of relevant DNA methylation and
chromatin modifying enzymes (Figure S2G). DNA methyltransferases, DNMTL, DNMT3A,
and DNMT3B, are generally upregulated yet TET1 and TET3, enzymes promoting DNA
demethylation, were lower at term. 7E72, which lacks a DNA binding CXXC domain was
also highly expressed by 3" trimester CTBs. Its potential CXXC-containing co-factors (Ko
etal., 2013; Xiong et al., 2019) were either not expressed (CXXC4) or downregulated in
3" trimester CTBs (CXXC5) (Figure S2H). These results suggested that TET activities
were reduced at term, which together with increased DNMT activity, partially explained the
observed increase in CTB DNA methylation as gestational age advanced.

Deep DNA hypomethylation domains with increased H3K9me3 occupancy

in cytotrophoblasts—Next, we identified deeply hypomethylated regions using 10kb
windows based on comparisons between 2nd and 3rd trimester samples (Figure 2A). Despite
a net increase in DNA methylation at term, the deeply hypomethylated regions consistently
had low methylation levels at both gestational ages (Figure 2B). Also, these sites had
strongly enriched signals for H3K9me3 (Figure 2C, left panel), which were not observed

in hESCs or other regions of the CTB genome (middle and right panels). This finding was

in contrast to reports that H3K9me3, an epigenetic mark of repressive heterochromatin, is
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often associated with DNA hypermethylation in hESCs and other tissues (Hawkins et al.,
2010; Lehnertz et al., 2003) and in accord with the relationship between H3K9me2 and
DNA hypomethylation in oocytes (Au Yeung et al., 2019). A higher resolution view of

the CTB H3K9me3 chromatin immunoprecipitation sequencing (ChlP-seq) data illustrated
the relationship between deep DNA hypomethylation and H3K9me3 occupancy of CTBs
as compared to the same regions in hESCs and fetal brain (Figure 2D, Chr2). In CTBs as
compared to hESCs, these domains had increased levels of H3K9me3 in relatively gene
poor regions (Figure 2E). The chorionic villi, basal plate and smooth chorion samples had
the same pattern of H3K9me3 occupancy of deeply DNA hypomethylated regions (Figure
S2l). Additionally, we noted a relatively higher H3K27me3 enrichment in the deeply DNA
hypomethylated regions of the term sample (Figure 2C).

Next, we examined the transcriptional consequences of coinciding H3K9me3 occupancy and
deep DNA hypomethylation. In 2" and 3'd trimester CTBs, transcription in these domains
was repressed (Figure 2F, box plots on left), explained in part by the H3K9me3 occupancy
(Figures S2J and S2K). Even though net DNA methylation levels increased at term, this
relationship was still evident in 3 trimester CTBs (Figure S2K). These data suggested that
increased H3K9me3 occupancy of deeply hypomethylated DNA silences CTB genes. Taken
together, the results described thus far suggest that the inverse relationship between deep
DNA hypomethylation and H3K9me3 is a feature of the extraembryonic epigenome DNA.

Differentially methylated regions (DMRs) and enhancer DMRs (eDMRS)
illuminate cell type-specific regulators—Given the unique nature of the CTB
methylome and widespread changes in DNA methylation over pregnancy, we wanted to
better understand the DMRs. These regions were identified between pairs of WGBS datasets
using a sliding 200-bp window. Mean methylation values were compared between windows
containing at least 4 CpGs with each CpG having at least 10x reads in both samples. The
windows with the absolute difference in mean methylation greater than 0.25 were selected
and overlapping differentially methylated windows were merged. The merged windows with
at least 5 CpG sites and 10x reads, and an absolute mean methylation difference of 0.3 or
greater were identified as DMRs (p <0.001, Fisher’s exact test).

On average, DMRs were 480 bps with differences of 230% methylation between samples
(Table S1A). They were categorized according to whether they were methylated (M) or
unmethylated (U) in hESCs vs. 2" or 3" trimester CTBs, e.g., MUU, methylated in hESCs
but unmethylated in 2" and 3" trimester CTBs (Figure S3A). In this comparison, many
more DMRs were hypomethylated in 2" trimester and/or term CTBs (182,807 vs. 5,429)
and there were more hypomethylated sites in the earlier gestation samples (6,059 MUM vs.
1,166 MMU DMRs). GO analyses of the sites that were uniquely hypomethylated in hESCs
(UMM) revealed biological processes that are associated with embryonic morphogenesis
(Figure S3B). In contrast, GO analyses of the sites that were uniquely hypomethylated in
CTBs (MUU) yielded terms related to cell adhesion or migration, immune processes and
signal transduction. GO analyses of sites that were uniquely hypomethylated in 2" trimester
CTBs (MUM), revealed cardiovascular development and cell adhesion or locomotion. In
contrast to global methylation, hESCs and CTBs had relatively equivalent numbers of
hypomethylated DMRs in the CpG islands of gene promoters (Figure S3C). GO analyses of
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these sites highlighted embryonic and reproductive processes, respectively (Figure S3D). As
compared to hESCs, a larger percentage of CTB DMRs (MUU, MUM, MMU) were distant
from the transcription start sites (Figure S3E) and localized in transcription factor binding
sites (Figure S3F).

Next, we identified enhancer DMRs (eDMRs) that were hypomethylated and associated
with H3K4mel and/or H3K27ac (Figures 2G, S3G, and Table S1A) (King et al., 2016).
Specifically, MUU and MUM DMRs were filtered with the union set of H3K4mel and
H3K27ac peaks to identify 2" trimester enhancer-DMRs (eDMRs). The same methodology
was used to filter MUU and MMU sets to identify 3 trimester eDMRs. UMM eDMRs
were defined by intersecting H3K4mel and H3K27ac peaks in hESCs. Then we quantified
their relationship with gene transcription in hESCs vs. 2"d and/or 3" trimester CTBs (Figure
2H). Expression of genes in closest proximity to UMM eDMRs was higher in hESCs

as compared to 2" trimester CTBs. Likewise, the transcription of genes near eDMRs

that were hypomethylated in CTB samples (MUU) was also higher. Gene expression

related to CTB-specific eEDMRs (MUM, MMU) likely depended on relative levels of

DNA methylation, which correlates with gene silencing (compare Figures 2G and 2H).

An additional analysis that used predicted enhancer-gene interaction (EnhancerAtlas, http://
www.enhanceratlas.org/) revealed similar trends (Figure S3H, Table S1B).

We then sought to understand the relationship between eDMRs and genes in hESC and
CTB contexts. We examined the DNA sequences for enrichment of transcription factor
binding motifs in UMM, MUU, and MUM eDMRs as MMU results were not significant.
In UMM eDMRs, we found significant enrichment of motifs for transcription factors with
essential hESCs functions (e.g., OCT4, SOXZ2, NANOG,; Figure 21). Conversely, MUU
eDMRs were enriched for motifs of transcription factors with important roles in trophoblast
differentiation (e.g., TEAD, GATA and £SRBB) (Roberts and Fisher, 2011) and/or critical
functions in these cells (e.g., O, responses; HIF1ab, HIFZa) (Figures 21 and S31). MUM
eDMRs highlighted the importance of H/IF1b, AP-1and MAFK in 2" trimester CTBs
(Figure 21, S3J, and S3K). The CTB results revealed plausible links between the eDMRs,
transcription factors and the pathways/networks they regulate. Thus, the eDMRs revealed
known and potentially novel regulators of CTB fate and function.

Regulation of CTB histone modifications as a function of gestational age

Given the observed gestational age-associated net gains in DNA methylation, we used
antibody-based methods (Table S2) to determine whether the relative abundances of the
modified histones that occupied the CTB genome also changed over pregnancy. Additional
CTB samples were isolated from 15t trimester (n = 5, 9-12.1 wks), 2"9 trimester (n=5,
13.5-22.5 wks) and term placentas (n=4, 38.2-42.0 wks). Probing blots of these cell lysates
with anti-H3K9me3 antibody revealed a robust signal throughout the 15t and 2" trimesters
with a steep downregulation at term (Figures 3A and 3B). Histone H3 levels, which

were used as a loading control, did not change. A similarly steep decline in the relative
abundance of H3K27me3 was observed earlier in gestation, starting at week 15 (Figures 3A
and 3C). We also profiled histone modifications that are associated with transcriptionally
permissive states. The H3K4me3 signal, which varied throughout the 15t and 2" trimesters,
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was reduced at term (Figures 3D and 3F). The relative abundance of H3K4mel fluctuated
across gestation (Figure S4A and S4B). The H3K27ac signal was low and variably detected
(Figures 3E and 3G).

To confirm and extend these results to specific trophoblast subpopulations, we
immunolocalized the same histone modifications in tissue sections of placental chorionic
villi (n=6 samples/gestational age). In floating villi (diagrammed in Figure S1C), the

nuclei of cytokeratin-positive villous CTBs and STBs showed H3K9me3 signals in 15t

and 2" trimester samples (Figures 3H and S4C, upper panels). However, much of the
immunoreactivity was lost at term. In anchoring villi (diagrammed in Figure S1C), invasive
CTBs showed a similar pattern of down-regulated H3K9me3 at term (Figures 3H and S4C,
lower panels). In floating and anchoring villi, CTB (and STB) signals for H3K27me3 and
H3K4me3 were also diminished at term (Figures 31, 3J, S4D, and S4E). Compared to the
immunoblot (Figure 3E), relatively strong H3K27ac signals were observed in association
with trophoblasts in floating and anchoring villi and the staining was again reduced at

term (Figures 3K and S4F). We attributed this discrepancy to different performance or
cross reactivity of the antibody in the two formats. Immunolocalization of the same histone
marks together with anti-histone H3 immunoreactivity as a control (Figure S4G) confirmed
alterations in the modifications rather than at the protein level. Thus, during normal
pregnancy, certain CTB (and STB) histone modifications, both active and repressive, are
dramatically altered as gestation advances.

Compartment and gestational age specific H3K27ac occupancy

H3K27ac is associated with the activation of enhancer elements and transcription. Over
80,000 ChiIP-seq peaks for this histone modification, ranging from 5,141 (amnion) to
35,704 (CTBs), were specific to an individual compartment (Figures 4A, S5A, and Table
S3). Principal component analysis of 10 kb H3K27ac windows clustered the samples that
contained epithelial cells (CTBs, amnion, smooth chorion) away from the chorionic villi
and basal plate, which were comprised of many varied cell types (PC2; Figure S5B).

As to individual sample types, PCA separated CTBs and chorionic villi by gestational

age (Figure S5C). GO analyses of the various sample types revealed, among multiple
enrichments, a set of genes near CTB-specific H3K27ac peaks associated with the control of
H3K9 methylation, suggesting a regulatory relationship with the latter histone modification
(Figures 4B and S5D). However, mMRNA levels of histone methylating and demethylation
enzymes did not reveal clear patterns that could explain the observed gestational-age related
differences (Figures S5E and S5F). Genes near villi-specific H3K27ac peaks were enriched
for immune functions and erythrocyte differentiation (occurring in the villi (Barcena et

al., 2009)) (Figure 4B). Genes nearest amnion- and chorion-specific H3K27ac peaks
showed strong enrichments for skin-related processes, which was in accord with the overall
epidermis-like structure of the fetal membranes (Figure 4B).

Super-enhancers, which are co-occupied by multiple master transcription factors, control
cell identity (Crossley and Orkin, 1993; Whyte et al., 2013). Focusing on the placental
samples (CTBs and villi), we performed a comparative analysis of their super-enhancers.
By ranking the H3K27ac signal density, 216 and 306 super-enhancers were identified in
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24 trimester CTBs and villi, respectively (Lovén et al., 2013; Whyte et al., 2013) (Figures
S5G, S5H, and Table S4). A large set of 2" trimester CTB super-enhancers lost H3K27ac
at term; gestational age-related shifts were not observed in villi likely due to obscuring by
stromal components (Figure S51). Many super-enhancers were shared between the sample
types (148; gold); others were unique to villi (158; blue) or CTBs (68; red) (Figure S5J).
The CTB-specific super-enhancers were associated with genes related to oxidative stress
and placental development, and the villi-specific super-enhancers were associated with
genes involved in TGF-beta-related functions and roles in wound healing, coagulation, and
hemostasis (Figure S5K).

Beyond super-enhancers, we compared individual H3K27ac peaks in CTBs and chorionic
villi during the 2" trimester-to-term interval. This analysis confirmed that the gestational
age regulation of H3K27ac occupancy was observed in CTBs but not villi (Figure 4C). This
observation was validated with additional H3K27ac CTB datasets (Figure S5L), which were
used for subsequent analyses. In CTBs, as gestational age advanced, 6216 peaks were lost
and 3376 were gained at term (Figure 4D and Table S5). Second trimester CTB differentially
acetylated regions (DARSs) were enriched near genes involved in processes that are integral
to placental development: epithelial-mesenchymal transition, adhesion, locomotion as well
as early estrogen and inflammatory responses (Figure 4E). Regions that gained H3K27ac at
term were near genes involved in androgen and late estrogen responses as well as cell cycle
or apoptosis, among others (Figure 4F). This analysis revealed that several of the regions
that exhibited gestational age-related regulation of H3K27ac occupancy were associated
with the promoters of CTB genes we previously showed were upregulated in sPE (Zhou et
al., 2013). Examples included GH2, HOPX, ADAM12 and SEMA3B (Figure 4G). Thus, the
net decrease in super-enhancers and individual H3K27ac peaks at term is part of the global
shifts in the CTB epigenome that occur as pregnancy advances and suggested misregulation
in sPE.

Gene expression dynamics link gestational age regulated genes to severe
preeclampsia—The transcriptomic data enabled comparative analyses among the
extraembryonic compartments and CTBs. Each sample type had a distinct transcriptome
with a high degree of similarity between the chorionic villi and basal plate samples due

to their similar cellular composition (Figures S6A and S6B). The differentially expressed
genes mapped to KEGG pathways and GO terms specific to each sample type (Figure S6C).
In contrast, miRNA expression patterns differentiated CTBs from the other extraembryonic
compartments, which did not cluster by type (Figure S6D).

The CTB transcriptomes showed clear separation by gestational age (Figure S6E); 935 and
862 genes were differentially expressed in 2" and 3" trimester, respectively. GO analyses
highlighted the role of genes that were highly expressed at mid-gestation in pregnancy
complications, immune processes, ECM interactions and PI3K-AKT signaling. At term,
the differentially expressed genes were involved in DNA replication as well as semaphorin
and Wnt signaling (Figure 4H). Genes that were normally down-regulated at term were
over-expressed in our previously published sPE CTB dataset, including pregnancy specific
glycoproteins (PSGs) (Zhou et al., 2013), and/or encoded the PE biomarkers PGF, ENG or
FLT1 (Venkatesha et al., 2006) (Figure 4l). Thus, the gene expression data suggested a link

Dev Cell. Author manuscript; available in PMC 2022 May 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al.

Page 9

between gestational age-related epigenetic and transcriptional changes and sPE-associated
gene dysregulation.

Dysregulation of CTB histone modifications in placenta-associated pregnancy
complications—We reasoned that the sPE-associated gene misregulation might occur via
an epigenetic mechanism. To determine if histone modifications played a role, we probed
immunoblots of CTBs that were isolated from placentas of sPE cases (n =5 or 6; 30.2—

33 wks) with the same antibodies that were used to profile the gestational age-related
changes (Figure 3). In these experiments, placentas from preterm deliveries were the source
of gestational age-matched control CTBs (n = 4 or 5; 30-34.5 wks). Our previous work
showed that, in the absence of inflammation/infection, placentation is essentially normal in
these cases (Zhou et al., 2013; 2007). The maternal and neonatal characteristics of these
pregnancies are summarized in Table S2. In the majority (4/5), there was a stronger signal
for H3K9me3 in CTBs isolated from sPE placentas than in CTBs that were isolated from
placentas of uninfected cases of preterm birth (nPTB; Figures 5A and 5B). H3K27me3 was
detected in both sets of samples, with higher relative abundances in the sPE cases (Figures
5A and 5C). H3K4me3 tended to be low in most of the samples (Figures 5D and 5E). The
H3K27ac signal was significantly increased in sPE (Figures 5D, 5F, S4H, and S4l, which
also included term CTB from normal pregnancy). In the nPTB set, we included a CTB
sample from a case that was associated with infection. Higher levels of global H3K27ac
were also observed, suggesting that alterations involving this histone modification may be a
feature of pregnancy complications that are associated with placental pathologies. H3K9ac
was variably detected (Figures S4J and S4K) as was H3K4mel (Figures S4L and S4M).
Thus, we found evidence that placental pathologies are associated with global increases in
repressive, but most notably the activating histone modification, H3K27ac.

To confirm these results, we immunolocalized the same histone modifications in tissue
sections of chorionic villi from sPE and control nPTB placentas. In floating villi and
within the basal plate (Figure S1C), sPE was associated with more H3K9me3 signal than
was observed in the nPTB samples (Figure 5G). The H3K27me3 signal also tended to be
stronger in the sPE group (Figure 5H). H3K4me3 immunostaining gave a stronger signal
than in the immunoblot and showed similar results in the nPTB and sPE groups (Figure
51). The H3K27ac immunoreactivity, which was nearly undetectable in the nPTB group,
was strongly increased in association with CTBs in sPE (Figure 5J). Together these results
suggest that sPE (as compared to nPTB) is associated with significant alterations in global
levels of histone modifications, particularly the activating mark H3K27ac. This could be one
reason for the up-regulation of genes, such as PSGs, that are normally down-regulated as a
function of gestational age.

To better understand, at genome scale, the consequences of enhanced H3K27ac in sPE,

we performed ChiP-seq to identify the occupied sites in CTBs from affected pregnancies
(Table S2) as compared to 2" and 3 trimester cells isolated from normal control placentas.
Consistent with the immunoblot analyses, SPE samples had much higher levels of H3K27ac
occupancy across the genome as compared to the controls (Figure 6A). Hierarchical
clustering of the gestational age-specific DARs showed that 4/6 SPE samples were more
similar to 2" trimester CTBs; 2 sPE samples, including cells from the earliest gestational
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age (28 wks), clustered with 3" trimester CTBs (Figure 6B). Statistical analyses of the
DARs confirmed retention of a 2nd trimester-like pattern of H3K27ac in a subset of
samples (Figure 6C, boxplots). Given that only 2 sSPE samples clustered with term CTBs, a
comparable analysis was not possible for these cases, but their distribution trended toward

a later gestational-age phenotype. The sPE H3K27ac peaks that retained a 2"d trimester
pattern (Figure 6C and Table S6) were associated with syndrome-relevant signatures

as shown by our previous work: epithelial-mesenchymal transition (Zhou et al., 1997),
inflammatory responses and angiogenesis (Zhou et al., 2002) (Figure 6D). Specific loci that
retained a 2" trimester pattern of H3K27ac peaks in all the sPE samples included the PSG
cluster, a highly related family that is strongly downregulated at term and upregulated in
SPE CTBs (Zhou et al., 2013) (Figures 6E). Additionally, SPE was associated with enhanced
H3K27ac signals at numerous unique sites relative to control 2" trimester or term CTBs
(Figures 6F, 6G, and Table S7). sPE-specific enrichment (393 loci) was much more common
that depletion (10 loci; Figure 6H and Table S7). The uniquely enhanced peaks (Figure

61) were associated with signaling pathways (TNF-a, KRAS, and IL2-STATS5) as well

as allograft rejection and apoptosis (Figure 6J). The genes that demonstrated this pattern
included several that are involved in apoptosis such as the “initiator” CASP8, EMP1 and
BMF (Figure 6K). CASP1 had a different pattern: higher levels of H3K27ac occupancy

in SPE and at term vs. 2" trimester. Thus, sPE-associated upregulation of H3K27ac was
related to dysregulated gene expression in this pregnancy complication.

Discussion

Early studies of DNA methylation provided a glimpse of the unusual epigenome of

the human placenta (Ehrlich et al., 1982; Schroeder et al., 2013). Our multilayered
epigenome, transcriptome and miRNA profiles of the functionally distinct extraembryonic
compartments at different gestational ages illuminate the novel genome organization of
these evolutionarily recent structures. We discovered dramatic age-related reprogramming in
normal gestation and aberrations in maturation accompanying a common placental-driven
pregnhancy complication with high rates of morbidity and mortality. Further to its unusual
nature, the deeply hypomethylated, gene-poor domains of extraembryonic DNA were
associated with heterochromatic regions occupied by H3K9me3, which repressed gene
expression, suggesting that condensed chromatin states are maintained through a DNA
methylation-independent mechanism. A separate set of smaller hypomethylated regions
coupled with enhancer-associated histone modifications (H3K4mel and/or H3K27ac)
revealed highly expressed genes with known roles in placental development while also
highlighting a trove of new genes for follow up functional analysis. Binding motifs for
transcription factors with known roles in the placenta were also highly enriched among
putative active enhancers and enabled the reconstruction of regulatory relationships between
transcription factors and the pathways that they regulate in CTBs. These results suggested
that the transcriptional consequences of DNA hypomethylation in CTBs are dependent

on co-occurring histone modifications. They also show how compartment and gestational
age-specific functions are discoverable from the dynamics of the epigenome.

These findings have implications concerning the many singular aspects of placental and
CTB biology. Upon fertilization, the zygotic genome is demethylated followed by rapid

Dev Cell. Author manuscript; available in PMC 2022 May 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al.

Page 11

remethylation at the implantation stage of cells fated to form the embryo (Guo et al., 2014;
Smith et al., 2014). Our data suggested that an extraembryonic fate could be associated
with maintenance of hypomethylation coordinated with histone-regulated gene expression.
Additionally, the striking alterations in the CTB histone code could have other functions.
In mouse liver, there is a circadian rhythm to methylation and acetylation of histones
H3K4me3, H3K9%ac and H3K27ac, and therefore, transcription (Takahashi, 2017). It may
be that similar changes in chromatin structure on a longer time scale might be part of

a clock mechanism that specifies the lifespan of the placenta and/or the timing of birth.
Also, the gestational age-related changes we observed could be evidence of aging. In this
regard, the loss of H3K9me3 and H3K27me3 is consistent with alterations observed in
Hutchinson-Gilford progeria syndrome, a genetic condition that causes premature aging
(Scaffidi and Misteli, 2006). In mice, epigenetic silencing of uterine chemokine expression
during pregnancy limits effector T-cell trafficking, contributing to fetomaternal tolerance
(Nancy et al., 2012). Thus, regulation at an epigenetic level could be a more general feature
of pregnancy biology.

Alterations in the CTB transcriptome and epigenome that occurred as a function of
gestational age suggested that pregnancy complications involving faulty placentation might
be associated with shifts in the normal expression patterns. To test this theory, we focused
on sPE, which is diagnosed by the new onset of maternal hypertension and proteinuria.

The placental manifestations include aberrant CTB differentiation and reduced invasion of
the uterine wall, often resulting in shallow placentation (Fisher, 2015). Profiling the CTB
transcriptome in sPE revealed the affected genes, which were almost entirely up-regulated
(Zhou et al., 2013). To determine if the misexpressed genes were regulated as a function of
gestational age, we used mRNA-seq datasets from 2"d and 3 trimester CTBs to identify
the subset of transcripts that were down-regulated at term. Intersecting this list with the sPE-
associated genes showed that transcripts normally down-regulated near birth continued to be
expressed in this pregnancy complication. Searching for an explanation led us to interrogate
histone modification levels. Among other changes was a very significant upregulation of
activation-associated H3K27ac. Altered global levels of this histone modification were not
observed in the majority of gestational age-matched preterm birth samples. Nevertheless,

a preterm delivery that was associated with prolonged rupture of the fetal membranes had
the same pattern of elevated expression, suggesting a more general relationship to placental
pathologies.

Maps of H3K27ac in CTBs showed reduced H3K27ac occupancy at term relative to 2"
trimester. A subset of CTBs from sPE samples (4/6) had features of a 2" trimester H3K27ac
pattern and all the cases had unique sites of H3K27ac occupancy that were distinct from
that of 2"d trimester or term samples. Our findings agree with the identification of a PE
subtype with a gene signature consistent with immaturity (Leavey et al., 2015), which is
recognized by pathologists (Redline et al., 2004), and a previous report of alterations in
placental H3K27ac playing a key role in fetal growth restriction, a pregnancy complication
associated with sPE-like pathological changes in the placenta (Paauw et al., 2018). The

two samples with term-like H3K27ac patterns were consistent with an ongoing pathological
process that results in premature aging of the CTB epigenome (Cox and Redman, 2017;
Mayne et al., 2017). Heterogeneity in the pattern of H3K27ac occupancy of CTB DNA
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in sPE hints at the potential utility of using the epigenome to classify different entities
within this syndrome as has been done in cancer (Capper et al., 2018; Corces et al.,

2018). In this regard, we would expect the different clinical presentations of PE to have
different epigenetic signatures. Presumably, the epigenetic changes we discovered did not
lie downstream of DNA sequence alterations as is the case in many cancer types. Thus,
we suspect they are the primary effectors of aberrant CTB gene expression in sPE rather
than the consequence of disease-associated mutations that directly or indirectly impact the
epigenome, and consequently, the transcriptome.

Our results suggested that H3K27ac plays an important role in fundamental aspects of
placental biology and pathology. Acetyl-CoA synthetase regulates histone acetylation and
transcription (Mews et al., 2017). Our data suggest that elements of the placental epigenome
might respond to the metabolic state of the mother. This link may explain why obesity is

a strong risk factor for PE (Sween et al., 2015). Additionally, metabolic changes in the

cells secondary to placental under perfusion and pathological hypoxia could also be playing
a role in the observed alterations. Beyond this syndrome we theorize that a connection
between the placental epigenome and its impact on the organ’s function could underlie the
developmental origins of adult diseases in which maternal undernutrition during pregnancy
leads to cardiovascular disorders (Barker et al., 1989) and other problems later on in life
(Burton et al., 2016).

Limitation of the study

In many cases, our findings were first reports and oftentimes our sample numbers were
relatively small due to the substantial resources the tissue collection/cell isolation efforts
and analysis methods required. Given the heterogeneity inherent in human biology;, it

will be important to determine if additional nuances are evident as independent datasets

are added and other genomic features are analyzed. Furthermore, PE is a notoriously
heterogeneous pregnancy complication. Thus, it will be important to study the relationship
between alterations in the cytotrophoblast epigenome and the major forms of this syndrome,
including the most common form that manifests at term.

STAR METHODS
RESOURCE AVAILABILITY

Lead Contact.—Further information and requests for resources and reagents should be
directed to and will be fulfilled by Susan Fisher (susan.fisher@ucsf.edu).

Materials Availability.—This study did not generate new unique reagents.

Data and Code Availability.—The Illumina 450K DNA methylation data are available
under Gene Expression Omnibus (GEO) accession GSE98938. WGBS, ChlP-seq, RNA-seq,
and miRNA-seq data are available under SRA280018 and EGAD00001006066. The codes
used in the manuscript are available at https://github.com/Zhang-lab/Placenta_Epigenome.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Tissue collection.—This study was reviewed by the UCSF Institutional Review Board
and samples were acquired after written informed consent was obtained. Placentas and/or
fetal membranes were collected within 30 min of elective terminations (1st and 2nd
trimesters) or deliveries (nPTB, sPE, and term). Placentas from sPE and nPTB cases
were collected based on the diagnostic criteria we previously described (Gormley et al.,
2017). The clinical characteristics and sample sizes of the SPE and nPTB pregnancies are
summarized in Table S2.

Diagnostic Criteria.—The American College of Obstetrics and Gynecology (ACOG)
criteria were used to identify PE patients (ACOG Committee on Practice Bulletins--
Obstetrics, 2002; American College of Obstetricians and GynecologistsTask Force on
Hypertension in Pregnancy, 2013). These included the new onset of hypertension measured
on two occasions at least 4 h apart—blood pressure = 140 mm Hg (systolic) or 90 mm

Hg (diastolic) in a woman who was normotensive before 20 wks of pregnancy. We also
included the appearance of proteinuria—excretion of = 300 mg in a 24-h period or protein/
creatinine ratio = to 0.3 mg/dL. Severe preeclampsia (SPE) was also diagnosed using ACOG
criteria (ACOG Committee on Practice Bulletins--Obstetrics, 2002; American College of
Obstetricians and GynecologistsTask Force on Hypertension in Pregnancy, 2013), based on
additional signs and symptoms including one or more of the following: 1) systolic blood
pressure = 160 mm Hg and/or diastolic pressure = 110 mm Hg on two occasions at least
four hours apart while the patient is on bed rest; 2) proteinuria of =5 g in a 24-h period; 3)
hemolysis (peripheral blood smear and/or LDH = 480); 4) elevated liver function (SGOT =
64 or SGPT = 80); 5) thrombocytopenia (platelets < 100,000); 6) oliguria (< 500 cc in 24 h);
7) creatinine = 1.1 mg/dL or a doubling of the serum creatinine concentration with no known
renal dysfunction/disease; or 8) cerebral or visual disturbances and/or convulsions with no
prior history of seizure disorders.

As controls, samples were obtained from women who delivered due to noninfected preterm
birth (nPTB), diagnosed according to the criteria recommended by Herron and colleagues
(Herron et al., 1982), including regular uterine contractions after 20 wks or before 37

wks of gestation, which are < 5 to 8 min apart, and accompanied by one or more of the
following: 1) progressive changes in the cervix; 2) cervical dilation = 2 cm; and/or 3)
cervical effacement = 80 percent. Patients with evidence of inflammation were excluded
on the basis of the following criteria: maternal fever > 100.4°F, uterine tenderness, fetal
tachycardia (fetal heart rate > 160 beats per min) and/or (placental) histological criteria
compatible with inflammation (Kim et al., 2015; Redline, 2015; Zhou et al., 2007). Women
with pre-existing medical conditions were excluded from the case and the control groups.
Other exclusion criteria included premature rupture of the membranes (except the case
noted) and/or fetal anomaly.

METHOD DETAILS

Sample preparation.—Placentas and fetal membranes were collected within 30 min of
delivery and immediately washed in cold PBS. The amnion and chorion were divided along
their shared stromal plane. Samples of chorionic villi and the basal plate were prepared
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by dissection. As a final step, all the tissues were repeatedly washed in cold PBS. CTBs
were isolated from 2"d and 3'd trimester placentas as previously described (Hunkapiller and
Fisher, 2008). The cells and tissues were frozen in liquid nitrogen and pulverized by using a
mortar and pestle. RNA or DNA was isolated as previously described (Mazor et al., 2015).
The number of samples for each genomic analysis is summarized in Table S8.

Immunoblotting and immunolocalization.—The experiments were done using our
published methods (Zhou et al., 2013). Relative quantification was by densitometry with
normalization to histone 3 using ImageJ (Schneider et al., 2012). The antibodies, sources,
working concentrations, and relevant Figures are shown in Table S2 and STAR Methods.

H3K27ac ChlP-seq of validation samples.—The frozen cells were washed in PBS
supplemented with a protease inhibitor cocktail (Calbiochem 539134) and incubated in lysis
buffer (L0 mM Sodium butyrate, 0.1% Triton X-100, 0.1% deoxycholate, 1x proteinase
inhibitor cocktail) on ice for 20 minutes. Chromatin fragmentation was accomplished by
incubating the lysate with MNase | (QU/ul NEB MO0247S) at 25°C for 6 min. The reaction
was stopped using 250 mM EDTA (20 mM final concentration) and 1% Triton/1% DOC
(final concentration 0.1% each). Fragmented chromatin (10% by volume) was used as

an input control. The rest was subjected to chromatin immunoprecipitation (ChlP). The
sample was precleared by incubating with a 50:50 (v:v) Protein A: Protein G Dynabead
slurry (Invitrogen 100-02D and 100-04D, respectively) for 1 h on a rotator at 4°C. Then

the precleared chromatin was incubated overnight on a rotator at 4°C with bead-bound
anti-H3K27ac (CMA309, Hiroshi Kimura laboratory, 0.5 ug/reaction) (Kimura et al., 2008).
The beads and immobilized chromatin were washed twice with low salt buffer (20 mM
Tris-HCI pH8.0, 2 mM EDTA, 150 mM NaCl, 1% Triton X-100, 0.1% SDS) followed by
two washes with high salt buffer (20 mM Tris-HCI pH8.0, 2 mM EDTA, 500 mM NacCl, 1%
Triton X-100, 0.1% SDS). Then they were resuspended in elution buffer (100 mM NaHCO?2,
1% SDS) for 1.5 h at 65°C. The input and ChIP samples were incubated with Proteinase K
for 30 min at 50°C and DNA was purified using a SeraMag bead (Fisher Sci 09-981-123)
slurry in 30% PEG-8000. Illumina libraries were constructed and sequenced on a HiSeq4000
(75 bp or 125 bp paired end).

QUANTIFICATION AND STATISTICAL ANALYSIS

Bisulfite-seq data processing.—Sequence reads were directionally aligned to the
human genome (hg19) using Bismark (Krueger and Andrews, 2011) (v. 0.16.1) running
Bowtie (Langmead et al., 2009) (v. 1.1.0), allowing up to two mismatches in the 50 bp seed
region (using -n 2 -1 50 parameters). Methylation status for each aligned CpG was calculated
using Bismark Methylation Extractor (v. 0.16.0) at a minimum of 5x coverage per site in a
strand-specific manner (run-time parameters: -p, --no-overlap, --comprehensive, --bedGraph,
--counts).

Identification of differentially methylated regions.—DMRs were identified between
pairs of WGBS datasets using a sliding 200-bp window. Mean methylation values were
compared between windows containing at least 4 CpGs with each CpG having at least

10x reads in both samples. The windows with the absolute difference in mean methylation
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greater than 0.25 were selected and overlapping differentially methylated windows were
merged. The merged windows with at least 5 CpG sites and 10x reads, and an absolute mean
methylation difference of 0.3 or greater were identified as DMRs (p <0.001, Fisher’s exact
test).

Comparative analysis of DMRs between hESCs and CTBs.—DMRs were
compared between hESCs (n = 1), 2nd trimester CTBs (n = 2), and 3™ trimester CTBs

(n = 2). DMRs that were hypermethylated in hESCs as compared to each CTB sample

(an intersection of four pairwise comparisons) were classified as MUU DMRs (where M
refers to relatively higher methylation in hESCs, and each U refers to relatively lower
methylation in 2" and 3" trimester CTBs, respectively). DMRs hypomethylated in hESCs
compared to all CTBs were classified as UMM. A MUM profile was defined by taking

the intersection of DMRs hypomethylated in the earliest 2" trimester CTB sample (16 wk)
compared to the two 3 trimester CTBs (38 and 40 wk). hESC methylation status was not
considered when defining the MUM profile. Nevertheless, the majority of these regions were
highly methylated in hESCs. An MMU profile was defined by identifying DMRs that were
hypermethylated in 16 wk CTBs as compared to the two 3" trimester CTB samples.

Enhancer-DMR identification and gene assignment.—MUU and MUM DMRs
were filtered with the union set of H3K4me1 and H3K27ac peaks to identify 2" trimester
enhancer-DMRs (eDMRs). The same methodology was used to filter MUU and MMU sets
to identify 3 trimester eDMRs. UMM eDMRs were defined by intersecting H3K4mel and
H3K27ac peaks in hESCs. To estimate the effect of eDMRs on expression, genes with a
transcription start site (TSS) within 10kb of an eDMR were categorized as a putative target.
Genes near multiple eDMRs were counted accordingly. For example, a gene with MUM and
MUU eDMRs within 10kb of the TSS was included in both sets. Additionally, we associated
eDMRs with their target genes based on EnhancerAtlas (http://www.enhanceratlas.org/),
which integrates 6 different genomic features and ChIA-PET/HiC interaction data from
various human tissues and cell lines. When an eDMR was assigned to multiple genes, the
one with the highest significance was selected. eDMRs within 50kb of the transcription start
site were used for the subsequent transcriptional analyses.

Transcription factor motif enrichment in eDMRs.—Enriched motifs for each eDMR
profile were determined via the motif scanning function of HOMER (Heinz et al., 2010),
findGenomeMotifs.pl, using the standard HOMER database with MEME/Jasper position
weight matrix. Sequences obtained from hgl19 were repeat masked before motif finding.
Enrichment values were based on random human genome background sequences with the
same CpG content as the eDMR sequences.

Associating transcription factor motifs with gene pathways.—Motif-containing
eDMRs were associated with gene pathways using GREAT (McLean et al., 2010). Briefly,
GREAT assigns regions of interest to the nearest gene within 1MB, then uses a binomial
test to determine if the regions are significantly enriched near genes with a particular
annotation. The significant association between GO biological process terms (p<0.01) and
eDMR- (MUM and MUU) associated predicted transcription factors was determined by
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FIMO using default parameters. The protein-protein interaction network was built using
Cytoscape (Shannon et al., 2003).

GO enrichment analysis.—GO enrichment analysis of genes that were differentially
expressed was performed using DAVID (Huang et al., 2009). GO enrichment analysis of
H3K27ac peaks and super-enhancers was performed using the GREAT web tool (v3.0) with
default parameters (McLean et al., 2010). GO enrichment analysis of genes with H3K27ac
peaks at their promoters was performed using the GSEA Molecular Signatures Database
(Subramanian et al., 2005). Only categories below an FDR of 0.05 were reported.

RNA-seq data processing.—Reads were aligned to the human genome (hg19) with
STAR (Dobin et al., 2013) version 2.4.2a81. Gene counts were derived from the number of
uniquely aligned, unambiguous reads by featureCounts, version 1.4.6, with GENCODE gene
annotation (VV19). All gene-level transcript counts were imported into the R/Bioconductor
package edgeR (Robinson et al., 2010) and TMM normalized to adjust for differences

in library sizes. Genes not expressed in any sample were excluded from further analysis.
Differentially expressed genes were filtered for absolute fold-changes = 2 with a false-
discovery rate of < 0.01.

miRNA-seq data processing.—Reads were trimmed to 24nt and aligned to hg19 using
BWA (Li and Durbin, 2010). featureCounts was used to calculate the miRNA reads against
miRbase annotation. The miRNA expression of each annotation was normalized to 1 million
reads. Compartment-specific miRNAs were identified by using edgeR with an FDR<=0.05
compared to the other tissues/cells. The highly-expressed, compartment-specific miRNAS
were selected and normalized expression levels were plotted by using the gplots package.

ChlIP-seq data processing.—The reads were aligned to the hg19 reference genome
using BWA with samse (for single-end libraries) or mem (for paired-end libraries). For
single-end sequencing, the reads were 5’ extended to 150 bp before aligning. For paired-
ends sequencing, reads with a corresponding pair were retained for the subsequent analyses.
Reads with mapping quality scores <10 were discarded and the reads that aligned to the
same genomic coordinates were counted only once. For peak calling, MACS2 (Zhang et

al., 2008) was used to compare a ChlP-seq signal to its corresponding input control to
identify narrow regions of enrichment (peaks) that passed a FDR threshold of 0.01 and broad
domains that passed a FDR of 0.01.

Identification of H3K27ac peaks.—For the extraembryonic cells and compartments
(the data from Epigenome Roadmap Project), Bed and bedgraph files were generated using
methylQA with default parameters for downstream analyses and visualization. H3K27ac
narrow peaks were identified by MACS2 (Feng et al., 2012) using default parameters, and
overlapping peaks were determined using BEDTools (bedtools intersect) (Quinlan and Hall,
2010) with a 1 bp overlapping cutoff. For the validation sets, H3K27ac peaks were identified
using MACS?2 (Feng et al., 2012) (narrow peak calling, -f BAMPE) using filtered BAM
files. The identified peaks from all samples were merged using the BEDTools (bedtools
merge) (Quinlan and Hall, 2010) and Tukey boxplots were generated for comparisons.
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PCA plots.—PCA plots of 10kb H3K27ac windows were generated with deepTools2 using
multiBigwigSummary and plotPCA (--transpose) tools (Ramirez et al., 2016).

Identification of super-enhancers.—Super-enhancers were identified as previously
described (Lovén et al., 2013; Whyte et al., 2013). MACS2 (Feng et al., 2012) broad peak
calling (--broad) was used to identify H3K27ac peaks. The ranked H3K27ac occupancy and
H3K27ac counts in reads per million were plotted and the derivative calculated. Peaks with a
derivative >2 and CPMs >200 were identified as super-enhancers. To generate scatter plots,
the filtered peaks were merged using BEDTools (bedtools merge) (Quinlan and Hall, 2010).

Identification of H3K27ac differentiated acetylated regions.—MACS2 (Feng et
al., 2012) peaks from the validation datasets were used as the input for the DiffBind
(Ross-Innes et al., 2012) R package. The loci with less than an average of 250 reads across
the comparative analyses (DiffBind parameters: filter=250, filterFun=mean) were removed
to eliminate regions with low sequence coverage from the analysis. The differentially
acetylated regions with FDR <0.01 and absolute fold change >1.5 were defined as
significantly differentially acetylated loci. The average H3K27ac distribution of filtered
differentially acetylated was generated using deepTools2 (Ramirez et al., 2016).

Identification of H3K27ac occupied regions in sPE CTB samples with a 2nd
trimester-like pattern.—This analysis used only the differentially acetylated regions
between 2nd and 3rd trimester CTBs. Within these sites, H3K27ac levels of sPE and 2nd
trimester CTBs were compared using EdgeR. The loci with FDR <0.05 were defined as
having a 2nd trimester-like sPE pattern.

Identification of sPE-specific H3K27ac peaks.—The overlapping DARSs from 2
trimester vs. sPE and 3™ trimester vs. sPE DiffBind results were defined as sPE-specific
H3K27ac peaks.

Data visualization.—Sequencing data were visualized using IGV (Robinson et al., 2011)
or the New WashU Epigenome Browser (Zhou et al., 2011).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:
The epigenome of human placental cytotrophoblasts rapidly evolves over gestation.

At genome scale, DNA methylation increases and modified histones are lost.

H3K9me3 occupancy of deeply hypomethylated DNA silences cytotrophoblast genes.

Global increases in H3K27ac occupancy typify placental disease e.g., severe
preeclampsia.
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Figure 1. Extraembryonic DNA: Hypomethylation and Gestational Age Regulation.
Whole genome bisulfite sequencing enabled quantitative single base-resolution DNA

methylation profiling of the extraembryonic compartment. The data were compared to
equivalent analyses of embryonic, fetal, and adult (normal and cancer) samples. (A)
Principal component analysis segregated the extraembryonic samples from all others
primarily along PC1. Within the extraembryonic group, the samples separated according
to type and gestational age. The exception was the smooth chorion, which contains a
cytotrophoblast progenitor population pregnancy. (B) Chromosome-level (Chrl) view of
DNA methylation in the same samples as shown in (A). Compared to the other genomes,
extraembryonic DNA showed a unique pattern of global hypomethylation interspersed
among megabase domains of deeper hypomethylation. Similarly, colon tumor DNA was
hypomethylated, but in a different pattern. (C) As compared to the other embryonic and
fetal samples, 2" trimester CTBs had an intermediate level of DNA methylation. At term,
the cells acquired higher levels of methylation similar to the colon tumor. (D-E) Averaged
DNA methylation levels over +/- 15 kb regions of gene bodies (RefSeq) and +/- 3 kb
regions of transposable elements showed the same trends as in (C). 2nd/3rd trimester CTBs,
n=2; 2nd/3rd chorionic villi, smooth chorion, and basal plate, n=1; tri., trimester; TSS,
transcription/transposon start site; TES, transcription/transposon end site.
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Figure 2. The Cytotrophoblast Epigenome Gained DNA Methylation at Term While the
Local Deeply Hypomethylated Domains Remained Occupied by H3K9me3, which Repressed
Transcription.

(A) Genome-wide cytotrophoblast (CTB) DNA methylation over 10 kb windows revealed
increases as gestational age advanced. (B-C) Regions of the CTB genome that were deeply
hypomethylated (B) had strongly enriched signals for H3K9me3 regardless of gestational
age (C). (D-E) A chromosome-level (Chr2) view showed deeply hypomethylated domains
of the 2" and 3" trimester CTB genomes (vs. human embryonic stem cells (hESCs) and
fetal brain) had increased levels of H3K9me3 (vs. hESCs) in relatively gene poor regions.
(F) Transcription of genes in the deeply hypomethylated valleys was repressed. *, P<0.01;
** P<0.001 (ANOVA); ns, not significant. (G-H) Enhancer DMRs (eDMRs, identified as
described in Supplementary Materials) increased the transcription of nearby hESC or CTB
genes. (1) eDMRs were significantly enriched for binding motifs of transcription factor with
important cell type-specific functions. *, P<0.05; **, P<0.001 (ANOVA). tri, trimester; GA,
gestational age; wks, weeks; U, unmethylated; M, methylated. The colored bodies of the box
plots represent the first and third quartiles of loci, the middle line represents the median, and
the whiskers extend to minimum and maximum data points.
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Figure 3. Loss of a subset of cytotrophoblast histone modifications with advancing gestational
age.

Irgnmunoblotting (A-G) assessed the relative abundance of histone modifications in lysates
of freshly isolated 15t (1), 2" (11) or 3™ trimester (term, I11) cytotrophoblasts (CTBs). An
immunolocalization (H to K) approach was used to assess expression of the same histone
modifications in tissue sections of floating villi (FV) and the basal plate (BP), which
includes anchoring villi (AV) and their uterine attachments (diagrammed in Figure S1).
(A) The strong signal for H3K9me3 in 15t and 29 trimester samples were lost at term.
H3K27me3 immunoreactivity followed the same pattern with loss beginning in early 2nd
trimester. (B-C) quantification of the results relative to the H3 loading control (Welch’s
t-test). (D—E) The H3K4me3 signal (D) varied from the 15t to the 2" trimesters and

was lost at term. The H3K27ac signal (E) was weak and fluctuated among the samples.
(F-G) Quantification (Welch’s t-test) of H3K4me3 (F) and H3K27ac (G). (H) (upper
panels), In FV, the nuclei of cytokeratin-positive villous CTBs and syncytiotrophoblasts
(STBs) reacted with anti-H3K9me3 in the 15t to the 2" trimester samples. Much of the
immunoreactivity was lost at term. (lower panels), In AV, invasive CTBs showed a similar
pattern of down-regulated H3K9me3 at term. (I-J) In FV and BP + AV, CTB (and STB)
signals for H3K27me3 and H3K4me3 were also diminished at term. (K) Compared to the
immunoblot (Figure 3E), relatively strong H3K27ac signals were observed in association
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with trophoblasts in floating and anchoring villi and the staining was again reduced at term.
The error bars represent the standard deviations. *, £7<0.05; **, £<0.01; ***, P<0.001; ****,
F£<0.0001. GA, gestational age; wk, week. Bar = 50 um.
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Changes in H3K27ac Occupancy and mRNA Expression (2" to 3™ trimester) Involved
Cytotrophoblast Genes Upregulated in Severe Preeclampsia. (A) H3K27ac peaks that

were unique to cytotrophoblasts (CTBs) or other extraembryonic compartments. (B) GO
enrichment analysis highlighted the distinct biological processes that were associated with
each set of H3K27ac peaks and their relevance to sample-specific functions. (C) Comparison
of H3K27ac levels (10 kb windows) in CTBs and chorionic villi (2" trimester vs. 37
trimester) showed gestational age-related changes were confined to CTBs. Gray and red
linear regression lines and Pearson’s rho shows the H3K27ac correlation between 2"d and
3" trimester. (D) In CTBs, as gestational age advanced, about twice as many peaks were lost
as gained at term. (E) GO enrichment analysis showed 2" trimester CTB differentially
acetylated regions (DARs) were enriched for genes involved in processes integral to
placental development. (F) Regions that gained H3K27ac at term were enriched for hormone
responses and cell cycle or apoptotic regulators. (G) Sites that lost H3K27ac at term were
associated with the promoters of CTB genes we previously showed were upregulated in
severe preeclampsia (SPE) (Zhou et al., 2013). (H) GO enrichment (Biological processes

and Disease ontology) of genes highly expressed in 2"d (upper panel) vs. 3 trimester

CTBs (lower panel). (1) Transcripts that were upregulated in sPE (Zhou et al., 2013) were
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overrepresented in the gene set with higher expression in 2" vs. 3™ trimester CTBs. tri,
trimester.
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Figure 5.
Dysregulation of Cytotrophoblast Histone Modifications in Placenta-associated Pregnancy

Complications. Immunoblotting (A-F) or immunolocalization (G-J) enabled analyses of
the relative abundance of histone modifications in cytotrophoblast (CTB) lysates from
gestational age-matched placentas following delivery due to preterm birth with no signs

of infection (NPTB), PTB with a documented infection (inPTB), or severe preeclampsia
(SPE). (A) In the majority of samples, CTBs isolated from sPE placentas had a stronger
signal for H3K9me3 and H3K27me3 than the equivalent population of cells isolated

from nPTB placentas. (B and C) Quantification of H3K9me3 or H3K27me3, respectively,
relative to H3 (Welch’s t-test). (D) anti-H3K4me3 reactivity was low-to-undetectable. The
H3K27ac signal was significantly increased in sPE and in an inPTB sample relative

to nPTB. (E-F) Quantification of H3K4me3 or H3K27ac signals, respectively, relative

to H3 (Welch’s t-test). (G) In floating villi (FV) and within the basal plate (BP), sPE

was associated with relatively more intense CTB and syncytiotrophoblast (STB) anti-
H3K9me3 immunoreactivity than was observed in the nPTB samples. (H) The trophoblast-
associated H3K27me3 signal also tended to be stronger in the sPE group. (I) H3K4me3
immunostaining gave a stronger signal than in the immunoblot format and showed similar
patterns in the nPTB and sPE groups. (J) Expression of H3K27ac, which was nearly
undetectable in the nPTB group, was strongly increased in association with CTBs and STBs

Dev Cell. Author manuscript; available in PMC 2022 May 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Zhang et al.

Page 31

in sPE. The error bars represent the standard deviations. *, A< 0.05; ***, A<0.001. Bar =50
um.
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Enhanced H3K27ac Occupancy of Cytotrophoblast DNA in Severe Preeclampsia. (A) Box
plots of H3K27ac genome-wide enrichment from ChlIP-seq in merged MACS2 peaks across
the samples. Consistent with the immunoblot analyses (Figure 5D), cytotrophoblasts (CTBS)
from severe preeclampsia (SPE) pregnancies had significantly higher average H3K27ac
levels compared to control 2"d or 3™ trimester samples (****, £<0.0001, Mann-Whitney

test). (B) Hierarchical clustering based on 2"d vs 3" trimester differentially acetylated

regions (DARs; FDR <0.01, FC >1.5) showed that 4/6 severe preeclampsia (SPE) samples

were more similar to 2" trimester cytotrophoblasts (CTBs); 2 SPE samples, including

cells from the earliest gestational age (GA) (28 wks), clustered with 3 trimester CTBs.
(C) SPE H3K27ac peaks with a 2"d trimester pattern. Unless marked ns (not significant),
the values were significantly different from one another (Mann-Whitney test, P<0.0001).

(D) The overlapping peaks between sPE and 2" trimester CTBs were near genes with

syndrome-relevant hallmarks. (E) Specific loci in all the SPE samples with a 2" trimester-
like H3K27ac peak pattern included the PSG cluster, a highly related family that is strongly
downregulated at term and upregulated in SPE CTBs. Red asterisks: FDR <0.01, FC >1.5;
Black asterisks: FDR <0.05. (F-G) Volcano plots of differentially acetylated regions (DARS;
FDR <0.01, FC>1.5) between 2" trimester and sPE (F) and 3" trimester and sPE (G). (H)
Hierarchical clustering of sPE-specific DARs, the overlapping sites identified in (F) and
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(G). () Unique sPE H3K27ac peaks. Unless marked ns (not significant), the values were
significantly different from one another (Mann-Whitney test, P<0.0001). (J) The unique

SPE peaks were near genes with hallmarks of signaling pathways, allograft rejection and
apoptosis. (K) Genes associated with unique sPE H3K27ac peaks included several that are
involved in apoptosis such as the “initiator” CASP8, EMP1, BMF and CASP1. tri, trimester;
wks, weeks. The colored bodies of the box plots represent the first and third quartiles of loci,
the middle line represents the median, and the whiskers extend to the last data point within
1.5 times the interquartile range.
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