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H3K27 acetylation and gene expression
analysis reveals differences in placental
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Abstract

Background: Posttranslational modification of histone tails such as histone 3 lysine 27 acetylation (H3K27ac) is
tightly coupled to epigenetic regulation of gene expression. To explore whether this is involved in placenta
pathology, we probed genome-wide H3K27ac occupancy by chromatin immunoprecipitation sequencing (ChIP-
seq) in healthy placentas and placentas from pathological pregnancies with fetal growth restriction (FGR).
Furthermore, we related specific acetylation profiles of FGR placentas to gene expression changes.

Results: Analysis of H3K27ac occupancy in FGR compared to healthy placentas showed 970 differentially acetylated
regions distributed throughout the genome. Principal component analysis and hierarchical clustering revealed complete
segregation of the FGR and control group. Next, we identified 569 upregulated genes and 521 downregulated genes in
FGR placentas by RNA sequencing. Differential gene transcription largely corresponded to expected direction based on
H3K27ac status. Pathway analysis on upregulated transcripts originating from hyperacetylated sites revealed genes related
to the HIF-1-alpha transcription factor network and several other genes with known involvement in placental pathology
(LEP, FLT1, HK2, ENG, FOS). Downregulated transcripts in the vicinity of hypoacetylated sites were related to the immune
system and growth hormone receptor signaling. Additionally, we found enrichment of 141 transcription factor binding
motifs within differentially acetylated regions. Of the corresponding transcription factors, four were upregulated, SP1,
ARNT2, HEY2, and VDR, and two downregulated, FOSL and NR4A1.

Conclusion: We demonstrate a key role for genome-wide alterations in H3K27ac in FGR placentas corresponding with
changes in transcription profiles of regions relevant to placental function. Future studies on the role of H3K27ac in FGR
and placental-fetal development may help to identify novel targets for therapy of this currently incurable disease.
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Background
The dynamics of histone 3 lysine 27 acetylation
(H3K27ac) in DNA regulatory regions is one of the com-
ponents playing a fundamental role in the precise timing
and level of gene transcription [1, 2]. Consequently, aber-
rant H3K27ac has been suggested to be involved in dis-
ease pathology by eliciting pathological gene expression
programs [3, 4]. H3K27ac marks both active promoters

and distal enhancers, the most important and best under-
stood regulatory domains. To study involvement of this
regulatory level/layer in placental pathology, we mapped
H3K27ac occupancy in healthy placentas and placentas
from pregnancies with fetal growth restriction (FGR).
FGR, a condition in which the fetus is unable to

achieve its full growth potential through inadequate sup-
ply of nutrients and growth factors, occurs in approxi-
mately 5% of pregnancies [5]. FGR imposes a major risk
of perinatal morbidity and mortality [6] and programs
the health of the fetus throughout life, by being associ-
ated with a future risk of type 2 diabetes and
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cardiovascular and renal disease [7, 8]. At the histo-
pathological level, FGR placenta exhibit signs of dis-
rupted placental development characterized by increased
infarction area, increased syncytial knotting, inflamma-
tion, and impaired trophoblast invasion into the spiral
arteries of the uterus due to inappropriate maternal-fetal
immune interaction [9–11].
Previous studies of placentas of FGR pregnancies have

reported differences in gene transcription across many re-
gions across the genome. Pathways associated with altered
placental gene expression in FGR include angiogenesis, im-
mune modulation, energy production, and growth signaling
[12–15]. Most adaptive responses of the placenta, e.g., to
support restricted fetal growth, are thought to result from
changes in epigenetic regulation [16–18]. Recently, DNA
methylation has been mapped in the human placenta [19]
and a number of studies have suggested differences in
genome-wide methylation profiles in FGR placentas [20–
22]. We assume that disruptions in other epigenetic sys-
tems (e.g., histone modifications and other posttranslational
chromatin modifications) regulating placenta gene expres-
sion are also likely to be involved [23, 24].
In this study, we mapped differential H3K27ac profiles

in DNA regulatory regions in relation to disrupted devel-
opment of the placenta, by exploring the presence of
H3K27ac using chromatin immunoprecipitation sequen-
cing (ChIP-seq) in FGR and control placentas. Next, we
performed RNA-seq to examine whether differences in
H3K27ac also reflects gene expression levels. With this
approach, we identified previously unstudied alterations in
promoter and enhancer activity related to placenta
pathology.

Results
Detection of regions with differential H3K27ac occupancy
First, we performed genome-wide analysis of H3K27ac by
ChIP-seq on placental tissue from control (n = 4) and FGR
pregnancies (n = 5) and identified 30,288 H3K27ac peaks
that were present in at least two independent samples. Of
these, 970 regions showed differential H3K27ac levels in
FGR compared to controls with 366 being hyperacetylated
and 604 regions being hypoacetylated in FGR (Fig. 1a, full
list supplied in Additional file 1: Table S1). Based on the
differentially acetylated regions, the FGR and healthy pla-
centas could be clearly segregated using both supervised
and unsupervised analysis (Fig. 1b–c, Additional file 2)
These findings indicate clear distinction between the two
groups and suggest a specific and highly reproducible
H3K27ac pattern in FGR placentas. Differentially acety-
lated regions were distributed throughout the whole gen-
ome as shown by Manhattan plot (Fig. 1d). Regions
containing differentially acetylated peaks correspond with
known H3K27ac positions derived from ENCODE data-
bases (Fig. 1e).

Genes annotated to within 20 kb of differentially
acetylated regions
To identify the biological relevance of differentially acet-
ylated peaks, we annotated genes to the hyper- and
hypoacetylated sites using a window of ± 20 kb from
transcription start site (TSS). We annotated 368 genes
corresponding to hyperacytelated sites and 313 genes as-
sociated with hypoacetylated sites (Additional file 1:
Table S2). Several of these annotated genes are known to
be involved in placental development. For instance, we
found hyperacetylation of regions near HK2, FLT1, and
LEP, previously reported to be upregulated in other pla-
cental disorders [25, 26], and hypoacetylation of regions
near CH2 and CDLN1, which are involved in growth
and endothelial cell-to-cell adhesions. The individual
peaks of selected regions of interest are presented in
Fig. 2a (near HK2) and Fig. 2b (near Flt-1, LEP, CDLN1,
and CH1). These figures show that sites identified to be
differentially acetylated are highly similar across each of
the replicates.

Pathway analysis of differential acetylated regions in FGR
placentas
Next, we aimed to assign biological significance to genes
annotated to differentially acetylated peaks by pathway
analysis using GREAT software. The software annotated
515 genes to hyperacetylated regions in FGR. Although
no enrichment for GO biological process or for path-
ways was identified using this approach, the annotated
genes were enriched for genes that are transcriptionally
regulated by HIF-1-alfa/hypoxia within the MSigDB per-
turbation ontology (full output supplied in Add-
itional file 1: Table S3). Other functional pathways
related to hyperacetylated regions include pathways in-
volved in cancer and immune response. Nearby the dif-
ferential hypoacetylated regions, GREAT identified 868
genes. GO biological processes and pathways related to
these genes consisted of angiogenesis, response to exter-
nal signals, and immune activation (Fig. 3a, b, full output
supplied in Additional file 1: Table S3). Interestingly,
many of these pathways are known to be disrupted in
FGR, especially angiogenesis, HIF-1-alpha signaling, and
the immune environment/response [27–29].

Cross-validation of functional effects by combining
H3K27ac and mRNA profiles
To cross-validate functional meaning of the differentially
acetylated peaks and to examine whether hyper- or
hypoacetylated state of H3K27 was also accompanied by
differential gene expression, we performed RNA-seq. We
identified 569 upregulated genes and 521 downregulated
genes in FGR vs. control (full list supplied in
Additional file 1: Table S4, heatmap and MA and V plots
in Additional file 3). These gene expression profiles
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Fig. 1 (See legend on next page.)
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largely overlapped with findings from earlier gene ex-
pression studies in FGR placentas using microarrays
[12–15]. This is also reflected in the biological processes
and pathways associated with the up- and downregu-
lated genes supplied in Additional file 1: Table S5. These
findings confirm disruption of gene expression in pla-
centa from FGR pregnancies involved in important pro-
cesses of placental development in angiogenesis and
immune modulation.
To investigate whether the direction of transcription

change corresponds with differential acetylation, we in-
vestigated the distribution transcriptional direction of all
genes and that of the genes annotated within 20 kb to
hyperacetylated and hypoacetylated regions. Despite
multiple levels/layers involved in regulation of the
mRNA levels, we found a clear correlation between dif-
ferential H3K27ac levels and gene expression changes
(Fig. 4a). Next, we identified genes that overlapped in
the gene annotation derived from differentially acety-
lated regions with the up- and downregulated transcripts
to inspect acetylation sites that most likely influenced
gene expression. We identified 34 upregulated genes in
close vicinity of hyperacetylated sites and 26 downregu-
lated genes near hypoacetylated regions (Fig. 4b). These

lists contain many candidates known to be involved in
the pathophysiology of FGR, such as Flt-1 and LEP,
which have been described in up to one third of the
studies using placentas derived from pregnancies com-
plicated by preeclampsia [26], a placental disorder fre-
quently associated with FGR. Other identified candidate
genes included FOS, ENG (upregulated transcripts), and
GH2 (downregulated transcripts).

Identification of pathways by combining H3K27ac profiles
and gene expression levels
Pathway with TOPPfun on upregulated genes near hyperace-
tylated sites revealed genes to be related to the HIF-1-alpha
transcription factor network (Fig. 4c, Additional file 1: Table
S6). In addition, the downregulated transcripts and hypoace-
tylated regions could be grouped as genes encoding secreted
soluble factors, extracellular matrix proteins, and molecules
involved in growth hormone receptor signaling (Fig. 4c,
Additional file 1: Table S6).

Transcription factor binding motif analysis
To further investigate functional properties of the differ-
ential H3K27ac peaks, we tested whether the peaks con-
tained enricanalysishment of transcription factor binding

(See figure on previous page.)
Fig. 1 Detection of H3K27ac occupancy in placentas of FGR and controls by CHIP-seq. a Flowchart of differentially acetylated region in FGR vs.
control placentas (adjusted p < 0.05). b Heatmap of differentially acetylated regions between FGR and controls. c PCA clustering of the 500 most
variable acetylated regions based on H3K27ac ChIP-seq signal between FGR and controls. d Manhattan plot depicting distribution of differentially
H3K27 acetylated regions in FGR vs. controls: non-significant regions (black), hyperacetylated regions (green), and hypoacetylated regions (red).
e Selected peaks from Chr11 showing hypoacetylation in FGR vs. controls with ENCODE as reference

Fig. 2 Selected regions of differentially acetylated regions in FGR placentas and related pathways. a A selected acetylated region near the HK2
gene in each individual sample using the USC Genome Browser showing similarity of patterns between each replicate in both groups. b Dot
plots of four differently acetylated regions related to genes known to be involved in placental development (mean ± SD, adjusted p value shown)
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motifs (TFBM) using AME [30]. We detected 86 hypera-
cetylated and 55 hypoacetylated TFBM (Additional file 1:
Table S7). Combining these motifs with the RNA-seq,
we identified four upregulated transcription factors with
enriched H3K27ac in their DNA binding domains (SP1,
ARNT2, HEY2, and VDR) and two downregulated tran-
scription factors with lower H3K27ac peaks (FOSL1,
NR4A1) (Fig. 5). Of these, ARNT2 and HEY2 were pre-
viously shown to be upregulated under hypoxic condi-
tions [31, 32]. Moreover similar changes in gene
expression of VDR have been reported previously in pre-
eclamptic placenta pathways [33], and FOSL1 was previ-
ously showed to be important for the establishment of

the maternal-fetal interface [34, 35]. Collectively, these
findings point towards TFs linking differentially tran-
scribed genes with differentially acetylated regulatory
chromosomal regions. Thus, transcriptional and epigen-
etic regulations are intricately connected in placental
development.

Discussion
In this study, we used ChIP-seq and RNA-seq to per-
form an in-depth analysis of DNA regions with differen-
tial chromatin activity in healthy human placentas and
pathological placentas of pregnancies affected by FGR.
With this combined approach, we were able to identify

Fig. 3 GREAT pathway analysis using differentially acetylated regions. a Identification of GO biological processes and pathways related to
differentially acetylated regions in FGR using GREAT software. b Detection of interacting proteins by STRING protein database using genes
annotated to biological processes and pathways related to enriched differentially acetylated regions. Only the highest confidence interactions are
displayed. Disconnected nodes were removed
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H3K27 acetylation as a key additional layer involved in epi-
genetic regulation of gene expression in placental function
which in turn might be related to impaired fetal growth.
In summary, our findings confirm that, in FGR, the

placenta exhibits substantial genome-wide alterations in
H3K27 acetylation, with corresponding changes in tran-
scription profiles in several regions pertinent to placental
development and presumably function. The identified

acetylation patterns show a clear distinction between
FGR and healthy placentas, and the genes annotated to
differentially acetylated regions are involved in pathways
known to be affected in FGR [27–29]. We confirmed
functionality of the differentially acetylated regions by
showing a clear correlation between the acetylation pro-
files with differential gene expression. In-depth analyses
of the differences in FGR placenta that revealed

Fig. 4 Combined analyses of CHIP-seq and RNA-seq. a Distribution of fold changes in gene expression near hyperacetylated and hypoacetylated
regions. b Differentially transcribed genes detected by RNA-seq with a TSS within 20 kb of differentially acetylated regions and differentially
regulated gene transcripts. c Identification of GO biological processes and pathways within genes overlapping in CHIP and RNA-seq regions
using ToppFun
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candidate genes and pathways that fit previously re-
ported histopathological and protein data. For example,
we found hyperacetylation and higher mRNA of the
sFlt-1 region in FGR placentas, consistent with studies
reporting upregulation of sFlt-1 protein in FGR placen-
tas [36, 37]. Furthermore, sFlt-1 is known to be enriched
in syncytial knots, which are also observed in FGR
placenta [38]. Similarly, the leptin protein was showed to
be upregulated in FGR placentas [39, 40] and GH and
CSH proteins are often downregulated in FGR placentas
[41, 42]. Additionally, we unmasked an interplay
between differentially transcribed transcription factors
with enriched TFBM within the differentially acetylated
regions. Together, our data suggest an important role of
H3K27ac as an additional layer/level in the regulation of
placental gene expression. Our findings confirm that a
combined ChIP-seq and RNA-seq approach may provide
a useful approach to probe the pathophysiology of
placental disease and discover novel targets to improve
placental health and thus support fetal growth and
development.
To date, we are not aware of any previous reports on

histone modification in FGR placentas. Other groups
have focused attention on epigenetic regulation of
placentas in FGR involving DNA methylation.
Genome-wide methylation studies in placenta of FGR
suggest involvement of pathways associated with lipid
metabolism, transcription, and cadherin and Wnt signal-
ing [20–22]. Others have reported on DNA methylation
of imprinted loci, since unbalanced placental expression
of imprinted genes has been reported in FGR placenta
[12, 43–45]. However, methylation actually fluctuates
very little at these loci [45]. While DNA methylation

may contribute to placental gene regulation, it can only
in part explain differences in gene expression [23, 24].
Together with our results, this emphasizes the need to
include other epigenetic processes to fully appreciate the
complexity of mechanisms underlying placental gene
expression and (primary or secondary adaptive) gene
responses during (disrupted) early human development.
Mechanisms involved in differential acetylation of his-

tones within the human placenta have not been studied.
In view of the “fetal origins of adult disease” hypothesis
(also known as the Barker hypothesis), i.e., the concept
that exposure to intrauterine conditions may have
long-lasting effects on fetal development, these epigenetic
alterations might well be the result of changes in the intra-
uterine environment associated with FGR [8]. One of the
intrauterine factors that might play a role in changes in
epigenetic profiles in the placenta of FGR is the timing
and degree of hypoxia. For example, it was showed previ-
ously that the proliferation of trophoblasts is highly
dependent on the crosstalk between HIFs and histone
deacetylases (HDACs) in response to hypoxia [46]. In
addition, differences in histone acetylation may be the in
part driven by variation in the genetic code itself, e.g.,
single-nucleotide polymorphisms, that shape chromatin
architecture and thereby disrupt normal placental devel-
opment [47, 48]. Considering potential intervention, it is
of great interest to study the contribution of both environ-
mental and intrinsic factors in more detail.
Our study has several strengths. First, our data provide

new and comprehensive information on epigenetic
regulation of placental gene expression in FGR. Our data
suggest that H3K27ac profiles have a role in
genome-wide regulation of gene expression in FGR

a

b

Fig. 5 Differentially acetylated transcription factor binding motifs (TFBMs). a TFBMs with upregulated transcripts of their corresponding TFs.
b TFBMs with downregulated transcripts of their corresponding TFs
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placenta and point towards disruptions in important
pathways involved in placental development. Histone
modifications represent mid-long-term effects [49] and
are likely more stable and independent of sample mo-
ment compared to RNA, and by combining CHIP-seq
data with RNA-seq data, we were able to relate epigen-
etic marks to functional gene expression patterns, con-
firming relevance of identified pathways. Another
strength is our careful collection and detailed phenotyp-
ing of FGR placentas during Cesarean sections, exclud-
ing those women who have labored. Thus, we avoided
confounding effects of temporal changes associated with
parturition [50].
There are some limitations in our approach that also

need to be addressed. First, we could not avoid the limi-
tation of the use of nearest gene approach for functional
annotation. Here, we used a 20-kb window to annotate
genes which, although quite wide, still allowed identifica-
tion of specific pathways and genes that corresponded
with previous literature. With regard to the collected
material, there were unavoidable difference in gestational
ages in material from FGR and control due to the sever-
ity of the selected FGR cases. It is possible that gesta-
tional age in itself has an effect on H3K27ac and gene
expression as shown in early mouse placenta [51] and
for other epigenetic marks such as methylation as shown
in human placenta [21]. While gestational age might be
a confounder, the strongest determinant in our cohort is
likely to be the disease, given that all placentas were
from third trimester pregnancies while majority of gene
expression changes occur earlier in development [52]
and the confirmed disease-specific pathways. In addition,
largest differences in epigenetics in the third trimester
are mainly induced by parturition [50], which we ruled
out by collecting samples from C-sections only.
With this study, we show that genome-wide H3K27ac

profiles might be useful to better understand patho-
physiology of FGR. Therefore, we would recommend fu-
ture studies to confirm the identified acetylation targets
in a larger population as this might be helpful to address
association of the differentially acetylated regions with
different subtypes of FGR, gestational-age specific effects
on acetylation within the third trimester of healthy and
FGR pregnancy, and, most importantly, to explore
cause-effect relationships. The latter might be very valu-
able as the plasticity of histone marks form an attractive
strategy for intervention, especially since no therapy is
currently available to improve placental function. In
addition, it will be valuable to study the combination of
other epigenetic marks, such as DNA methylation and
other histone marks, to better discriminate promoters
from enhancers (H3K4me3, H3K4me1) or repressed
chromatin (H3K27me3) [53]. Moreover, since placental
samples represent an average state across different

cellular compartments with trophoblast being the pre-
dominant cell type [54], newer techniques looking at
subpopulations of cells might help to unravel
cell-specific deregulated pathways [55].

Conclusions
We demonstrate involvement of H3K27ac in key regions
related to the placental function and placental pathology
associating with impaired fetal growth. Our findings
underscore that an approach using combined CHIP-seq
and RNA-seq analyses facilitates discovery of novel
genes involved in FGR, and identification of molecular
pathways and processes associated with the placental
function and early (disrupted) human growth and devel-
opment. Future studies on unraveling the role of
H3K27ac in FGR pregnancies and placental-fetal devel-
opment may help to identify novel targets for therapy of
this currently incurable disease.

Methods
Study design and sample collection
Placenta biopsies were collected immediately after birth
from women with a FGR pregnancy and women with
uncomplicated pregnancy. Each placenta was sampled at
four random locations. For this study, we only included
women undergoing a primary Cesarean section. We de-
fined FGR as an estimated fetal weight <p3 and only in-
cluded cases with pulsatility index of the uterine artery
>p97.5 since we were particularly interested in cases
with FGR based on placenta insufficiency. Controls were
included when planned for Cesarean section because of
either breech presentation or history of Caesarian sec-
tion. Additional file 4 provides an overview of character-
istics from the pregnancies of which the placenta were
derived. The material was snap-frozen directly after sam-
pling and stored at − 80 °C. Before further processing, all
four biopsies per placenta were pooled and ground into
powder using mortar and pestle cooled with liquid
nitrogen.

ChIP-sequencing for H3K27ac occupancy
The powdered samples, two scoops diluted in 700 μl
sPBS, were used for chromatin isolation using the MAG-
nify™ Chromatin Immunoprecipitation System kit (Life
Technologies, Thermo Fisher Scientific, Carlsbad, CA)
according to manufacturer’s instructions. In brief, the
tissue was crosslinked with 1% formaldehyde and the
crosslinking was stopped by adding 1.25 M glycine. Cells
were lysed using the kit-provided lysis buffer, and nuclei
were sonicated using Covaris microTUBE (duty cycle
5%, intensity 2, 200 cycles per burst, 60 s cycle time,
10 cycles). We aimed for DNA fragments of 200–
2000 bp long. We continued with one fifth of the vol-
ume, and the sheared chromatin was diluted and then
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incubated with 1 μl anti-H3K27ac antibody (ab4729,
Abcam) pre-coupled to magnetic beads for 2 h at 4 °C.
Beads were extensively washed, and crosslinking was re-
versed by the kit-provided reverse crosslinking buffer
with proteinase K. DNA was purified using ChIP DNA
Clean & Concentrator kit (Zymo Research). Libraries
were prepared using the NEXTflex™ Rapid DNA Sequen-
cing Kit (Bioo Scientific). Samples were PCR-amplified
and checked for the proper size range and for the ab-
sence of adaptor dimers on a 2% agarose gel, and bar-
coded libraries were sequenced 75 bp single-end on
Illumina NextSeq500 sequencer (Utrecht Sequencing
Facility).

Mapping of ChIP-sequencing reads
Sequencing reads were mapped against the reference
genome (hg19 assembly, GRCh37) using BWA package
(mem –t 7 –c 100 –M –R) [56]. Multiple reads mapping
to the same location and strand have been collapsed to
single reads, and only uniquely placed reads were used
for peak/region calling. Regions were called using Cis-
genome 2.0 ( –e 150 -maxgap 200 –minlen 200) [57].
Subsequently, to obtain a common reference, region co-
ordinates from all FGR and control samples were
stretched to at least 2000 bp and collapsed into a single
common list. Overlapping regions were merged based
on their outmost coordinates. Only the autosomal re-
gions supported by at least two independent datasets
were further analyzed. Sequencing reads from each
ChIP-seq library were overlapped with the common re-
gion list, to set the H3K27ac occupancy for every
region-sample pair.

ChIP data analysis
Regions with differential H3K27ac occupancy between FGR
samples and controls were identified using DESeq2 (p < 0.05
by Wald test) [58] and are referred to as “differentially acety-
lated regions.” Hierarchical clustering based on differentially
acetylated regions was performed with quantile-normalized,
log2-transformed, and median-centered read counts per
common region. To avoid log2 transformation of zero
values, one read was added to each region. A Manhattan
plot was created representing the distribution of regions de-
tected to be differentially acetylated in FRG vs. controls
across autosomal chromosomes. The unsupervised PCA
analysis was performed for the top 500 most variable regions
using DESeq2. Based on the initial analysis, we excluded
one control sample because of being an extreme outlier in
the PCA analysis and continued the analysis with n= 5 FGR
and n= 4 control samples.
To assign biological meaning to differentially acety-

lated peaks, we used three approaches. First, we anno-
tated genes to the differentially acetylated sites in silico
using a window of ± 20 kb from transcription start site

(TSS). Second, GREAT software (Stanford) was used to
assign biological meaning to a set of non-coding gen-
omic regions by analyzing the annotations of genes
flanking differentially acetylated regions [59]. GREAT in-
corporates annotations from 20 ontologies and accounts
for the length of gene regulatory domains. ToppFun was
used for gene list enrichment analysis and candidate gene
prioritization based on functional annotations and protein
interaction networks (accessed in March 2017). In addition,
we identified whether the differentially acetylated regions
contain enrichment of specific transcription factor binding
domains by overlapping the differentially hypo- and hypera-
cetylated regions in the FGR vs. control group to placenta
DNAse hypersensitivity site (DHS) datasets obtained from
the ENCODE database (ENCFF203HVV, ENCFF249GZW,
ENCFF919NRH). The genomic sequence of overlapping
DHS was repeat masked, and the enrichment of TFBM was
calculated against a random set of non-overlapping DHS
sequences using the Analysis Motif of Enrichment (AME
tool) of the MEME Suite with default settings using human
(HOCOMOCO v9) motif database.

RNA sequencing
Total RNA was extracted from placental powder
using RNeasy® (Qiagen, Hilden, Germany) according
to the manufacturer’s instructions by which all RNA
molecules longer than 200 nucleotides are purified.
Polyadenylated mRNA fraction was isolated using
Poly(A) Beads (NEXTflex, San Jose, CA), and sequen-
cing libraries were constructed using the Rapid Direc-
tional RNA-seq kit (NEXTflex, San Jose, CA).
Libraries were sequenced on the Nextseq500 platform
(Illumina, San Diego, CA), producing single-end reads
of 75 bp (Utrecht Sequencing Facility). Reads were
aligned to the human reference genome GRCh37
using STAR version 2.4.2a. Picard’s AddOrReplaceR-
eadGroups (v1.98) was used to add read groups to the
BAM files, which were sorted with Sambamba v0.4.5, and
transcript abundances were quantified with HTSeq-count
version 0.6.1p1 using the union mode. Subsequently, reads
per kilobase million reads sequenced (RPKMs) were cal-
culated with edgeR’s RPKM function.

RNA-seq data analysis
Differentially expressed genes were identified using the
DESeq2 package with standard settings. Genes with padj
< 0.05 were considered as differentially expressed. Again,
ToppFun was used for gene list enrichment analysis and
candidate gene prioritization (accessed in March 207).
The list of up- and downregulated genes were tested
separately using probability density function p value cal-
culation, FDR B&H correction, p value cutoff 0.05.
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ChIP-seq and RNA-seq overlap analyses
To validate functional consequences of differentially
acetylated regions, we overlapped the genes annotated to
differentially hyperacetylated regions with upregulated
genes derived from the mRNA-seq and genes annotated
to differentially hypoacetylated regions with downregu-
lated genes derived from the mRNA-seq. Functional
pathway analysis with TOPPFUN were performed on
both sets of overlapping genes. In addition, we searched
the up- and downregulated genes for transcription fac-
tors (TF) with enriched TFBM within the differentially
acetylated regions.

Statistical analysis
Data are shown as mean ± SD or median (range) and an-
alyzed with Student’s t test or χ2 test.

Additional files

Additional file 1: Table S1. Differentially acetylated regions in FGR
compared to controls. Table S2. Genes annotated to hyper- and
hypoacetylated sites in placenta of FGR using a 20-kb window. Table S3.
Functional pathways related to hypo- and hyperacetylated in placenta of FGR
identified by GREAT. Table S4. Up- and downregulated gene transcripts in
placenta of FGR compared to controls. Table S5. RNA-seq pathways
TOPPfunn. Table S6. Functional pathways related to overlapping genes in
CHIP-seq and RNA-seq. Table S7. AME output: differentially acetylated TFBM’s
in placenta of FGR vs. controls and functional pathways related to differentially
acetylated TFBM (XLSX 694 kb)

Additional file 2: Heatmap, MA plot, and V plot CHIP-seq. (DOCX 175 kb)

Additional file 3: Heatmap, MA plot, and V plot RNA-seq. (DOCX 120 kb)

Additional file 4: Pregnancy characteristics of the placenta samples.
(DOCX 15 kb)
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