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Abstract
Background  The placenta is essential for nutrient exchange and hormone production between the mother and the 
developing fetus and serves as an invaluable model for epigenetic research. Most epigenetic studies of the human 
placenta have used whole placentas from term pregnancies and have identified the presence of partially methylated 
domains (PMDs). However, the origin of these domains, which are typically absent in most somatic cells, remains 
unclear in the placental context.

Results  Using whole-genome bisulfite sequencing and analysis of histone H3 modifications, we generated 
epigenetic profiles of human cytotrophoblasts during the first trimester and at term, as well as human trophoblast 
stem cells. Our study focused specifically on PMDs. We found that genomic regions likely to form PMDs are resistant to 
global DNA demethylation during trophectoderm reprogramming, and that PMDs arise through a slow methylation 
process within condensed chromatin near the nuclear lamina. In addition, we found significant differences in histone 
H3 modifications between PMDs in cytotrophoblasts and trophoblast stem cells.

Conclusions  Our findings suggest that spatiotemporal genomic features shape megabase-scale DNA methylation 
patterns, including PMDs, in the human placenta and highlight distinct differences in PMDs between human 
cytotrophoblasts and trophoblast stem cells. These findings advance our understanding of placental biology and 
provide a basis for further research into human development and related diseases.
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Background
The human placenta is critical to fetal development 
and serves as the essential link between the mother and 
the fetus. It provides critical support for the transfer of 
nutrients, oxygen, and waste products, and produces 
critical pregnancy-sustaining hormones [1]. Composed 
primarily of cytotrophoblasts, syncytiotrophoblasts, 
and extravillous trophoblasts, the placenta undergoes 
significant cellular transformation. Cytotrophoblasts 
initially form a mononuclear layer that evolves into a 
multinucleated layer of syncytiotrophoblasts and invasive 
extravillous trophoblasts as the placenta matures [2]. The 
placenta is an important model for epigenetic studies [3]. 
As part of the International Human Epigenome Consor-
tium (IHEC), our research has focused on isolating spe-
cific trophoblast subtypes for comprehensive epigenomic 
analysis of human cytotrophoblasts (hCTs) [4]. In addi-
tion, our pioneering work in establishing human tropho-
blast stem cells (hTSCs) [5] has contributed significantly 
to the advancement of placental research [6–16].

DNA methylation is a critical epigenetic modification 
that regulates cellular processes. Whole-genome bisulfite 
sequencing (WGBS) is the primary method for analyz-
ing global DNA methylation patterns (i.e., methylomes) 
at single-base resolution [17]. Several studies have exam-
ined the methylomes of the whole human placenta dur-
ing late pregnancy using WGBS [18–21]. In addition, 
DNA methylation in hCTs has also been studied; how-
ever, these analyses have used non-WGBS techniques 
that only cover regions where cytosine-guanine (CpG) 
dinucleotides are concentrated, such as reduced repre-
sentation bisulfite sequencing (RRBS) and methylation 
arrays [22–27]. In contrast to these studies, our research 
has generated methylome profiles of hCTs using WGBS 
at two developmental stages: first trimester and term [9], 
as well as histone H3 modifications.

WGBS has revealed partially methylated domains 
(PMDs) that span hundreds of kilobases (kb) and exhibit 
moderate to low levels of methylation [28]. Despite the 
initial discovery of PMDs in the human placental meth-
ylome [19], the origin of these domains, which are typi-
cally absent from most somatic cells, in the placenta 
remains elusive [29]. PMDs have also been identified in 
the methylome of hTSCs [5]. In this study, we investigate 
the epigenetic dynamics of PMDs in hCTs and hTSCs to 
understand the process of PMD formation in hCTs and to 
elucidate the different characteristics of PMDs in hTSCs 
compared to those in hCTs. Through comprehensive 
analysis, we aim to understand the complex mechanisms 
of epigenetic regulation affecting placental development 
and trophoblast stem cell differentiation.

Results
Dynamics of PMDs during human placental development
We analyzed hCTs at two developmental stages: first tri-
mester (7 weeks) and term pregnancy. Using WGBS, we 
generated high coverage (> 30x) methylome profiles for 
two biological replicates at each developmental stage 
(Additional file 1: Fig. S1A and Table S1). The global 
CpG methylation level increased from 52.6% at first tri-
mester to 59.9% at term (Additional file 1: Fig. S1B). This 
increase in placental methylation levels during pregnancy 
mirrors findings from previous studies using RRBS and 
methylation arrays [22, 26, 27]. To track methylome pro-
gression during placental development, we incorporated 
published WGBS data from the human trophectoderm 
[30]. This early blastocyst component undergoes global 
waves of DNA demethylation and then de novo DNA 
methylation as it differentiates into the placenta [31].

Chromosomes within the nucleus occupy specific 
regions called chromosome territories [32]. We exam-
ined the relationship between location in the cell nucleus 
and DNA methylation levels, using lamina-associated 
domains (LADs) [33] as markers to infer the spatial 
arrangement of genomic regions. Our analysis revealed 
that chromosomes positioned near the nuclear center, 
such as chromosome 22 (Chr22), Chr19, and Chr17, 
showed a greater increase in methylation levels dur-
ing the transition from trophectoderm to first-trimester 
hCTs compared to those positioned more peripherally, 
such as Chr4, Chr18, and Chr8 (Fig. 1A, Additional file 1: 
Fig. S1C). In addition, we focused on Chr18 and Chr19, 
which are similar in size but differ significantly in gua-
nine/cytosine (G/C) content and location in the nucleus 
[34–36]. At the trophectoderm stage, the G/C-rich Chr19 
was more demethylated than the adenine/thymine (A/T)-
rich Chr18 (Fig. 1B, C). Conversely, during the transition 
from trophectoderm to first trimester hCTs, Chr19 was 
more methylated than Chr18 (Fig. 1B, C).

This trend of G/C-rich regions showing higher meth-
ylation levels early in placental development was also 
observed genome-wide (Fig.  1D), similar to patterns 
observed in the mouse placenta [37]. In our approach, 
PMDs were defined relative to the average global meth-
ylation level of each sample, rather than absolute levels. 
This method identified 4,086 PMDs in first trimester 
hCTs and 2,244 in term hCTs. Thus, PMDs were identi-
fied predominantly in A/T-rich genomic regions of first 
trimester hCTs (Fig. 1D). In addition, 81% of these PMDs 
in term hCTs overlapped with those previously identified 
in the term whole placenta [19] (Additional file 1: Fig. 
S1D). PMDs were further classified into three categories–
conserved, lost, and emerging–based on their persistence 
or change from first trimester to term hCTs (Fig. 1E).
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Fig. 1  Tracking methylome dynamics and the emergence of PMDs during human placental development. (A) Correlation between position in the 
nucleus and DNA methylation levels. Bar plots show the LAD occupancy for each chromosome, ordered from top to bottom by decreasing LAD oc-
cupancy, with LAD data taken from Guelen et al. (2008) [33]. Violin plots illustrate the differences in methylation levels between trophectoderm and first 
trimester hCTs for each chromosome. TE, trophectoderm; 1st-CT, first trimester hCTs (B) The transition of DNA methylation levels from trophectoderm 
to first trimester hCTs. The methylation level of the 500-kb bins in Chr18 and Chr19 is shown by half-violin plots. Trophectoderm data are from Zhu et al. 
(2018) [30]. (C) DNA methylation levels in trophectoderm and hCTs across Chr18 and Chr19. CpG methylation levels and PMDs are shown as lines and 
rectangles, respectively. G/C content, RefSeq genes, CpG islands (CGIs), and LADs are shown at the bottom, and gray bars indicate centromere positions. 
Term-CT, term hCTs (D) Relationship between G/C content and DNA methylation levels during placental development. All non-overlapping 500 kb bins 
were sorted by G/C content and divided into 12 groups in order of increasing G/C content. Stacked bar graphs (left) show increases in DNA methyla-
tion levels across developmental stages. Baseline CpG methylation levels in the trophectoderm are shown in green, and additional methylation levels 
are shown in blue and red. Increases (indicated by blue) in methylation levels from trophectoderm to first trimester hCTs were evaluated for statistical 
significance. Box plots (right) show the overlap rate between PMDs in first trimester hCTs and bins for each group (E) Transitional dynamics of PMDs from 
first trimester to term hCTs. The numbers indicate the total PMD size (in megabases) for each category Statistical significance for changes in methylation 
levels and PMD overlap was assessed using the Wilcoxon rank sum test. Significance is indicated by double asterisks (**) for P < 0.005 and triple asterisks 
(***) for P < 0.0001 across all relevant panels
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Fig. 2 (See legend on next page.)
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Chromatin states of PMDs in human 
cytotrophoblasts
To examine the relationship between PMDs and histone 
H3 modifications in hCTs, we used chromatin immu-
noprecipitation sequencing (ChIP-seq) to determine the 
genome-wide distribution of six different histone H3 
modifications (Additional file 1: Table S1). Using Chrom-
HMM [38], we defined chromatin states across the hCT 
genome based on these modifications (Fig. 2A). Regions 
categorized as “Polycomb-repressed (H3K27me3)” were 
consistently present in all PMDs in both first trimester 
and term hCTs. In addition, regions defined as “Het-
erochromatin (H3K9me3)” were present in all PMDs of 
term hCTs and in all but four small PMDs of first trimes-
ter hCTs. Notable differences were observed between 
conserved-PMDs and lost-PMDs, with conserved-PMDs 
exhibiting similar chromatin characteristics to emerg-
ing-PMDs. Throughout placental development, from 
first trimester to term, conserved-PMDs predominantly 
overlapped with constitutive heterochromatic H3K9me3 
marks and showed an increase in these marks (Fig. 2B, C, 
Additional file 1: Fig. S2A). In contrast, lost-PMDs were 
less frequently associated with H3K9me3 and more fre-
quently with H3K27me3 marks. In addition, H3K27me3 
marks decreased slightly from first trimester to term, 
whereas H3K36me3 marks increased over time. (Fig. 2B, 
C, Additional file 1: Fig. S2A). This suggests that changes 
in histone modifications precede changes in DNA meth-
ylation in placental PMDs.

This study showed that conserved-PMDs are more A/T 
rich, overlap more with LADs, and are longer compared 
to lost-PMDs (Fig.  2B). In addition, the characteristics 
of PMDs in first trimester hCTs vary with their length. 
Longer PMDs showed more H3K9me3 marks and fewer 
H3K27me3 marks (Fig.  2D). In contrast, shorter PMDs 
showed higher levels of DNA methylation by term hCTs 
and less overlap with LADs. Consequently, approximately 

46% of the total area of short PMDs (< 200 kb) was absent 
in term hCTs, whereas most (90%) of the long PMDs 
(> 800 kb) remained as PMDs in term hCTs (Fig. 2D). In 
addition, 912 (74%) of the total 1,239 LADs overlapped 
with PMDs in first trimester hCTs. The remaining 327 
LADs that did not overlap with PMDs were generally 
smaller and had higher G/C content (Additional file 1: 
Fig. S2B).

Characteristics of genomic regions prone to 
placental PMDs
We analyzed the dynamic epigenetic changes in 500-kb 
genomic bins during the phases of global DNA demeth-
ylation and methylation in the placental lineage. To effec-
tively capture the variation in epigenetic response, we 
classified these regions based on their susceptibility to 
epigenetic modifications. Thus, these bins were catego-
rized into demethylation-resistant, demethylation-inter-
mediate, and demethylation-susceptible groups based 
on their behavior during trophectoderm DNA demeth-
ylation and similarly for de novo DNA methylation sen-
sitivity in first trimester hCTs (see the Methods section 
for more details). This tripartite classification facilitates 
detailed analysis of genomic regions ranging from those 
highly resistant to those highly susceptible to methylation 
changes during developmental transitions. This classifi-
cation yielded nine distinct groups by combining each of 
the three groups from both stages (Fig. 3A), highlighting 
regions (DR-MR) that were both demethylation-resistant 
and methylation-resistant, often A/T-rich, closer to the 
nuclear lamina, enriched in H3K9me3 marks, and associ-
ated with conserved-PMDs (Fig. 3B).

Features of PMDs in human trophoblast stem cells
We established hTSCs from hCTs and trophectoderm [5], 
and generated comprehensive methylome profiles and six 
different histone H3 modifications in hTSCs (Additional 

(See figure on previous page.)
Fig. 2  Epigenetic dynamics in PMDs of human cytotrophoblasts. (A) A chromatin state model specific for hCTs generated with ChromHMM. The model 
is based on the enrichment levels of six different histone H3 modifications, and the blue intensity in the left panel reflects the histone H3 enrichment 
at different chromatin states. The right panel shows the distribution of these chromatin states across the genome, as well as in LADs, gene bodies, and 
CpG islands (CGIs) at transcription start sites (TSSs) in first trimester hCTs. The histone H3 modifications analyzed include K4me3 (lysine 4 trimethylation), 
K4me1 (lysine 4 monomethylation), K9me3 (lysine 9 trimethylation), K27me3 (lysine 27 trimethylation), K36me3 (lysine 36 trimethylation), and K27ac (ly-
sine 27 acetylation) (B) Characteristics of three PMD categories across developmental stages in hCTs. mCpG: Violin plots illustrate the distribution of CpG 
methylation level, highlighting changes from first trimester to term. G/C: Box plots the G/C content. Chromatin state: This panel illustrates the distribution 
of chromatin states for both developmental stages, using the chromatin state model from panel A for clarity. Overlap with LADs: Violin plots show the 
percent overlap of PMDs with LADs. Size of each PMD: Box plots illustrate the size range of PMDs. Statistical significance was assessed using the Wilcoxon 
rank sum test, with triple asterisks (***) indicating P < 0.0001. 1st-CT, first trimester hCTs; Term-CT, term hCTs (C) A genome browser view of regions 
containing conserved-PMDs (left) and lost-PMDs (right). DNA methylation levels and histone H3 modification signals for first trimester hCTs and term 
hCTs are shown. Plots are provided for each histone H3 modification from one of the individual biological replicates, with PMDs marked as rectangles. 
Three chromatin states (H3K9me3, H3K27me3, H3K36me3) in ChromHMM were shown at the bottom. The color code for chromatin states is the same 
as in panel A (D) Comparative analysis of PMD characteristics by size across developmental stages in hCTs. mCpG: Violin plots illustrate the distribution 
of CpG methylation levels, highlighting changes from first trimester to term. Total size of PMDs: Black bars illustrate the total size of PMDs during the first 
trimester, while lighter shaded bars indicate the total size of the corresponding PMDs at term. Chromatin states: This section shows the distribution of 
chromatin states in PMDs at both stages of development. The color code for chromatin states is the same as in panel B. Overlap with LADs: Violin plots 
show the percent overlap of PMDs with LADs
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file 1: Table S1). We observed that G/C-rich genomic 
regions were more methylated in hTSCs (Fig. 4A, B), con-
sistent with observations in first trimester hCTs (Fig. 1D). 
We identified PMDs predominantly in A/T-rich genomic 
regions of hTSCs (Fig. 4A), located at genomic positions 
analogous to PMDs in first trimester hCTs, although 
with lower methylation levels (Fig. 4B, Additional file 1: 

Fig. S2C). Using ChromHMM [38], we categorized the 
chromatin states in the hTSC genome based on these 
histone H3 marks (Fig. 4C). Thus, significant differences 
in the organization of the histone H3 modification were 
observed in PMDs between hTSCs and hCTs. In con-
trast to PMDs in first trimester hCTs, which showed 
an enrichment for H3K9me3 marks (Fig.  2D), PMDs in 

Fig. 3  Characteristics of genomic regions prone to placental PMDs. (A) Dynamic epigenetic changes in 500-kb genomic bins during the phases of 
global DNA demethylation and methylation in the placental lineage. Bin groups are categorized based on their resistance or susceptibility to global DNA 
demethylation during trophectoderm reprogramming (demethylation-resistant [DR], demethylation-intermediate [DI], demethylation-susceptible [DS]) 
and their sensitivity to methylation during the global de novo DNA methylation phase in first trimester hCTs (methylation-susceptible [MS], methylation-
intermediate [MI], methylation-resistant [MR]). Details of the bin classification methods are described in the Methods section. The first flowchart illustrates 
the transition of genomic bins from trophectoderm to first trimester hCTs. mCpG: Box plots show the CpG methylation levels across the three develop-
mental stages. G/C: Box plots show the distribution of G/C content. Chromatin states: This section shows the distribution of chromatin states in bins at 
both stages of development. Color codes in chromatin states correspond to those defined in Fig. 2A. Overlap with LADs: Violin plots show the percent 
overlap of bins with LADs. Overlap with PMDs: Box plots show the percent overlap of bins with PMDs in each category. TE, trophectoderm; 1st-CT, first 
trimester hCTs; Term-CT, term hCTs (B) A genome browser view of regions resistant to both demethylation and methylation (DR-MR). DNA methylation 
levels are shown for trophectoderm, first trimester hCTs, and term hCTs. Histone H3 modification signals for first trimester hCTs and term hCTs from one 
of the individual biological replicates are also shown. The positions of DR-MR, PMDs, and LADs are indicated by rectangles. G/C content and RefSeq genes 
are shown at the bottom
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hTSCs were predominantly enriched for H3K27me3 
marks (Fig.  4C). Furthermore, longer PMDs in hTSCs 
were associated with fewer histone H3 modifications 
(Fig. 4C, D) compared to longer PMDs in first trimester 
hCTs, which showed a higher presence of these modifica-
tions (Fig. 2D).

Discussion
The human placenta has a unique methylome profile 
characterized by widespread hypomethylation and the 
presence of PMDs. This study investigates the epig-
enomic changes of PMDs in hCTs and hTSCs, empha-
sizing the spatiotemporal aspects of genomic regions to 
understand the mechanisms behind PMD formation and 
variability.

Our results show that G/C-rich genomic regions 
are significantly more susceptible to both global DNA 

Fig. 4  Features of PMDs of human trophoblast stem cells. (A) PMD distribution in genomic regions with different G/C content in hTSCs. Bars (left) show 
total CpG methylation levels in 12 bin groups defined in Fig. 1D. Statistical significance was assessed using the exact Wilcoxon rank sum test; double aster-
isks (**) indicates P < 0.005. Box plots (right) show the overlap between PMDs in hTSCs and each bin group. Statistical significance was assessed using the 
exact Wilcoxon rank sum test; triple asterisks (***) indicate P < 0.0001 (B) Bulk CpG methylation levels in hTSCs plotted over Chr18 and Chr19. The format 
of the plots is consistent with Fig. 1C. PMDs are shown as blue and purple rectangles. 1st-CT, first trimester hCTs; TSC, hTSCs (C) Distribution of chromatin 
states within PMD groups categorized by size in hTSCs. ChromHMM was used to generate a chromatin state model for hTSCs based on the enrichment 
levels of six histone H3 modifications, similar to the analysis shown in Fig. 2A (D) Zoomed view of the locus containing both longer and shorter PMDs. 
CpG methylation levels and histone H3 modification signals are plotted for this region. PMDs are indicated by rectangles with sizes given in kilobases. CT, 
hCTs; TE, trophectoderm
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demethylation and de novo DNA methylation during 
human placental lineage reprogramming compared to 
A/T-rich genomic regions. This observation is consis-
tent with our previous research [37] suggesting that 
G/C-rich genomic regions, generally located closer to 
the nuclear center, are more susceptible to global meth-
ylation changes during both embryonic and germline 
reprogramming. This means that during human placental 
lineage reprogramming, the machinery responsible for 
DNA methylation and demethylation is more accessible 
to euchromatic G/C-rich regions close to the nuclear 
center.

Since the first publication of the human placental 
methylome profile [19], the unique presence of PMDs 
in the placenta, which are uncommon in other somatic 
cells, has been a topic of considerable intrigue [29]. Our 
findings, combined with our previous analysis of over 
500 human and mouse WGBS datasets [37], suggest 
that PMD formation in the human placenta mirrors the 
patterns observed in early epiblasts, visceral endoderm, 
and prospermatogonia. This suggests that global DNA 
methylation events are infrequent in the heterochro-
matic A/T-rich regions near the nuclear lamina in the 
human placenta, resulting in the formation of PMDs due 
to a slow methylation process. As a result, genes within 
PMDs are expressed at low levels [19], likely due to the 
heterochromatic nature of these regions.

PMDs in hTSCs occur at genomic sites comparable to 
those in the placenta, although with lower methylation 
levels. This similarity may be due to the conservation 
of specific genomic structures that are less accessible to 
methylation processes in both the placenta and hTSCs. 
The reduced methylation levels of hTSCs compared to 
those in the placenta may reflect the distinct epigenetic 
and transcriptional states of hTSCs. Their early develop-
mental stage and increased pluripotency require a more 
open and dynamic chromatin state, which may limit 
DNA methylation and lead to reduced methylation levels 
in PMDs.

In the placenta, PMDs predominantly have H3K9me3, 
a mark associated with heterochromatin formation 
and gene silencing, in contrast to the prevalence of 
H3K27me3 in PMDs in hTSCs, indicative of Polycomb-
mediated repression common in the regulation of devel-
opmental genes [39]. This difference underscores the 
distinct epigenetic landscapes between these cell types. 
Larger PMDs in the placenta enriched for H3K9me3 
suggest an advanced state of differentiation with stabi-
lized gene expression necessary for placental function. 
This relationship between longer PMDs and increased 
H3K9me3 accumulation is consistent with observa-
tions in multiple cell types [40–43]. Conversely, the 
enrichment of H3K27me3 in smaller PMDs within 
hTSCs indicates their role in stem cell pluripotency 

and early differentiation, demonstrating a fine-tuned 
control of gene expression critical for developmental 
responsiveness.

Although only two replicates of hCTs and hTSCs were 
analyzed in this study, the strong correlation observed in 
DNA methylation levels across these replicates suggests 
robustness in our data, allowing us to discern meaning-
ful biological insights regarding PMD differences. Future 
studies with a larger cohort may further refine these find-
ings and validate our observations. The trophectoderm 
data, likely derived from fertility clinic samples, may not 
be representative of the general population experiencing 
typical pregnancies. In addition, our study did not experi-
mentally verify the persistence of chromosomal territo-
ries within the human placenta. Despite these limitations, 
our detailed study of hCTs and hTSCs will advance our 
understanding of epigenetic regulation in early human 
development.

Conclusions
This study highlights the role of spatiotemporal genomic 
features in shaping megabase-scale DNA methylation 
patterns in the human placenta, particularly in the forma-
tion of PMDs. These PMDs arise through a slow meth-
ylation process within heterochromatic regions near the 
nuclear lamina during placental lineage reprogramming. 
In addition, our analysis distinguishes the PMD patterns 
observed in cytotrophoblasts from those in trophoblast 
stem cells. These findings enhance our understanding of 
placental biology and provide the basis for further studies 
of human development and related diseases.

Methods
Sample Collection
Human placentas were obtained from healthy women 
who gave informed consent after approval by the ethics 
committees of Tohoku University School of Medicine 
and Kyushu University School of Medicine. hCTs were 
isolated from fresh placental tissue at two developmen-
tal stages: first trimester (7 weeks) and term pregnancy, 
as previously described [4]. Genomic DNA was extracted 
from individual donors at each time point, with two bio-
logical replicates (one male and one female) for each 
sample. hTSCs were prepared according to established 
protocols [5]. First trimester hCTs (female, 6 weeks) 
and trophectoderm (male) used to establish hTSCs was 
obtained from single donors.

Sequencing
Epigenomic profiling of hCTs and hTSCs was performed 
using WGBS and ChIP-seq protocols approved by the 
IHEC. For each sample, data from the sequenced bio-
logical replicates were merged for analysis to increase 
statistical power and coverage. For WGBS, libraries 
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were prepared using the post-bisulfite adapter tagging 
(PBAT) method [44]. Sequencing was performed on an 
Illumina HiSeq 1500/2500 platform using HCS v2.0.5 and 
RTA v1.17.20 base calling software, which is suitable for 
PBAT-based WGBS [45]. For ChIP-seq, six H3 histone 
modifications were analyzed in hCTs and hTSCs using 
ChIP reagents (Nippon Gene) and monoclonal anti-
bodies against K4me3 (CMA304), K4me1 (CMA302 or 
D1A9), K27ac (CMA309), K27me3 (CMA323), K9me3 
(CMA318), and K36me3 (CMA333). Libraries were con-
structed using the Ovation Ultralow System V2 (NuGEN) 
and sequenced on an Illumina HiSeq 2500 platform. 
Reads were aligned to the human reference genome 
(hg19) using Bowtie2 v4.1.2 [46]. The 18-state chroma-
tin model was generated from these modifications using 
ChromHMM v1.12 [38].

DNA methylation analysis
Methylome maps were constructed using the human ref-
erence genome (hg19) and associated metadata, includ-
ing CpG islands and LADs, from the UCSC Genome 
Browser. Raw fastq files were processed by trimming low 
quality base sequences (< Q30) from the 3’ ends, retain-
ing reads longer than 50 bases. These were aligned to 
the reference genome (hg19) using Bismark v0.10.0 [47] 
with specific parameters including a seed length of 28, a 
maximum of one mismatch in the seed, and the “--pbat” 
option for PBAT sequences.

Methylation analysis focused only on uniquely aligned 
reads, taking into account autosomal CpGs. CpG meth-
ylation levels were calculated by combining the counts 
from both DNA strands. Global CpG methylation levels 
for each sample were determined by summing the num-
ber of methylated and unmethylated CpGs on autosomes, 
considering only CpGs with a sequencing depth of five or 
more. Methylation at non-CpG sites was not included 
in this analysis. WGBS data for the human trophecto-
derm and term whole placenta from the Gene Expression 
Omnibus (accession GSE81233 and GSE39775, respec-
tively) were analyzed for methylation levels using identi-
cal methods. All box and violin plots in the figures were 
generated using R v3.6.0.

A bin size of 500 kb was chosen to effectively observe 
megabase-scale methylome patterns. This approach 
ensures that methylation levels are confidently deter-
mined even in regions of low sequence depth, while 
capturing significant megabase-scale changes in DNA 
methylation. Chromosomes were divided into 5,413 non-
overlapping 500-kb bins, which were then sorted and 
ranked by their CpG methylation levels from highest to 
lowest. During the global hypomethylation phase of the 
trophectoderm, shown in Fig.  3A, these bins were cat-
egorized into groups: demethylation-resistant (top 1,800 
bins), intermediate (middle 1,800 bins), and susceptible 

(bottom 1,800 bins). A similar categorization occurred 
during the first trimester hCTs stage into methylation-
susceptible (top 1,800 bins), intermediate (middle 1,800 
bins), and resistant (bottom 1,800 bins) groups. This 
categorization across both stages formed nine distinct 
groups, allowing for a comprehensive analysis of meth-
ylation dynamics.

In this study, PMDs were identified using the following 
protocol. Chromosomes were segmented into non-over-
lapping 10-kb bins, and each bin was scored for its CpG 
methylation level. Bins with methylation levels below 
the global average of the sample were classified as small 
PMDs. These small PMDs were merged into larger PMDs 
if they were adjacent. The analysis focused only on PMDs 
larger than 100 kb.
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