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The placenta is a temporary organ present during pregnancy that is respon-
sible for coordinating all aspects of pregnancy between the mother and fetus.
It has a distinct epigenetic, transcriptomic, and mutational landscape with low
levels of methylation, high numbers of transcribed loci, and a high mutational
burden relative to somatic tissues. We present this landscape through the
application of nanopore sequencing technology to provide a more compre-

hensive picture of female placental genomics and methylomics along with
integrated haplotype-resolved transcriptomic analyses across eight trios.
Whole genome sequencing of trios allows robust phasing, permitting com-
prehensive genome-wide investigation of parent-of-origin methylation and
transcription. This enhanced view facilitates identifications of many differen-
tially methylated regions (DMRs), both conserved and differing between
individuals, as well as previously unreported imprinted genes including ILDR2
and RASA1 which are potentially important for healthy placental and fetal

development.

The placenta is a unique cohort of cell types that collectively present
an unusual epigenomic and transcriptomic profile, one that is required
for establishing and maintaining healthy foetal development in pla-
cental mammals. It has been observed that the placenta has a lower
level of DNA methylation when compared to other somatic tissues'?,
with hypomethylation concentrated in partially methylated
domains®*. The placental transcriptome includes a greater number of
genes that are uniquely expressed® and uniquely depleted® than other
tissues, perhaps in part owing to the distinctive epigenomic landscape.
This landscape includes many imprinted genes, which are expressed
predominantly from either the maternal or paternal allele and are a
feature of organisms that transfer nutrients directly to their develop-
ing offspring’. The placenta mediates this interface in mammals and so
is a natural epicentre for imprinted genes, where the balance between
nutrient consumption and foetal growth is ultimately controlled®™.
Here, we take advantage of technological and methodological
advancements in nanopore sequencing to better understand the
unique epigenomic landscape of the human placental genome.
Nanopore sequencing was initially conceived in 1989" and has

conceptual origins in patch clamp technology developed in the late
1970s for electrophysiology™. In recent years, the technology has been
subject to rapid development and commercialisation by Oxford
Nanopore Technologies Ltd. (ONT). ONT devices offer arbitrarily long
and increasingly accurate reads that directly encode both canonical
and modified nucleic acid base calls. Through the incorporation of
genetic variation, nanopore sequence data can readily be phased into
its constituent alleles via read-backed phasing of variants followed by
tagging of individual reads”. In combination with one of the available
highly accurate methods for discriminating between SmC and cano-
nical cytosine', phased long reads enable examination of differentially
methylated regions (DMRs) with unprecedented fidelity”™".

We carried out whole-genome ONT at greater than 20-fold cov-
erage with a median per-sample N50 of 34kbp, along with Illumina
WGS at 30-fold coverage on eight female placentas (Supplementary
Data 1). We opted to focus this study on female placentas as they are
typically diploid throughout the genome (i.e. two copies of the X
chromosome). Previous studies suggest the female placenta induces a
greater genomic response to adverse environmental impacts'®. All
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placentas were obtained from participants in the Queensland Family
Cohort” with uncomplicated pregnancies. Human research ethics
approval for the study was granted by the Mater Misericordiae Limited
HREC (HREC/MML/73929). Parental DNA was obtained from PBMCs
and sequenced on the Illumina NovaSeq 6000 platform to a minimum
30-fold coverage. RNA sequencing was carried out via Illumina
sequencing on the same eight placentas with a target throughput of
100 M paired-end reads per sample. Sequencing metrics are presented
as Supplementary Data 1.

Results

Comprehensive allele-resolved methylation profiling

Backed by long-read genome sequence data, we used informative
germline variants to phase the placental genome into maternal and
paternal alleles, enabling downstream studies of allele-specific
methylation and transcription. This also enables a direct assessment
of maternal cellularity in the bulk homogenised placental sample
through examination of the variant allele fraction (VAF) of maternally
inherited alleles, as substantial deviation upwards from a mean VAF of
0.5 would indicate excess maternal cells in the sample. This was not
observed to a notable degree, with all samples showing less than 1%
deviation from expectation in VAF for maternally or paternally inher-
ited alleles (Supplementary Data 2), indicating little to no anticipated
impact of maternal cells on subsequent analyses.

Comparison of methylation profiles derived from direct mod-
ified basecalling of nanopore sequence data enables both a compre-
hensive genome-wide view of placental methylation patterns and a
highly detailed view at individual loci**. The placental genome is
substantially demethylated relative to the heart, liver, and hippo-
campus tissues we have previously analysed”, with an apparently
bimodal distribution of methylation levels (Fig. 1a). Visualisation of
the chromosome-wide methylation pattern shows that, with the
exception of the X chromosome, relative demethylation is not chro-
mosome-wide, but is concentrated in distinct regions (Fig. 1b, see
Supplementary Fig. 1 for all chromosomes). This is consistent with the
prior observation of partially methylated domains (PMDs) across the
placental methylome®**. To provide orthogonal verification of
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Fig. 1| Large-scale methylation patterns in human placentas. a The distribution
of methylation levels (fraction of CpGs with SmC in 10kbp bins) for non-placental
tissues versus placentas in this study. b The same samples as in (a) showing the

distribution of methylation across chromosomes 1 and X. For all chromosomes see
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methylation profiles via another method, we carried out EM-seq” on
two samples (placentas 054 and 103), yielding highly concordant
methylation patterns (Supplementary Fig. 2, mean per-chromosome
Pearson’s r 95% c.i.=0.98 £ 0.01).

Using read-backed phasing” coupled with parental variants,
attribution of reads as maternal or paternal in origin is straightforward.
Comparison of alleles on a chromosomal scale yields highly similar
methylation profiles between maternal and paternal autosomes
(Fig. 1c, Supplementary Fig. 3). The X chromosome is an interesting
exception, with some but not all placentas showing globally higher
methylation of either the maternal or paternal chromosome. (Fig. 1c,
Supplementary Fig. 4) We ascribe this to clonal X-inactivation, the
dosage compensation mechanism whereby one of the two X chro-
mosomes is transcriptionally repressed in development. Clonal
expansion of placental tissue with one or the other X inactivated yields
a skewed geographic profile of maternal or paternal-specific methy-
lation across the X chromosome, consistent with allele-specific
methylation of the XIST promoter (Supplementary Fig. 5), and as
previously described”. The use of bulk tissue captures a stochastic
clonal profile when homogenised, yielding the observed profiles.

On a locus-specific level, we observe many known differentially
methylated regions (DMRs) such as those associated with IGF2/H19,
and GNAS (Supplementary Material). Extending this to catalogue all
DMRs, we identify 723 DMRs in total, with 184 specific to this study and
539 previously identified DMRs as annotated by a collection of studies
providing specific DMR coordinates* (Supplementary Fig. 6, Sup-
plementary Data 3). Owing to diminished coverage of heterozygous
sites in short-read data, comparatively few of these allele-specific
patterns were reliably observable via short-read methods, with EM-seq
data covering 155 sites in both samples that were subjected to EM-seq
(Supplementary Data 4). Of these, 146 of 155 sites (94%) showed the
expected DMR, showing high concordance where technically possible.
Of the 184 newly identified DMRs, 41 are near genes annotated as at
least putatively imprinted, while 143 are not near a known imprinted
gene. DMRs were observed to include those consistent across all
samples and those present in fewer than all eight placentas analysed,
consistent with polymorphic DMRs noted in previous studies®*>°,
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Supplementary Fig. 1. Profiles for all chromosomes are presented in Supplementary
Fig. 1. ¢ The methylation profiles for placental samples phased into paternal and
maternal profiles are shown for chromosomes 1 and X. For all chromosomes see
Supplementary Fig. 3.
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Fig. 2 | Examples of regions with notable allele-specific methylation patterns in
placenta. From the top down, each panel shows the genomic coordinates, relevant
annotations, translation from genomic space into CpG-only space, and a smoothed
methylation plot at the bottom. The C1I9MC locus (a) contains many paternally-

expressed (Supplementary Fig. 7) and paternally-demethylated pri-miRNA loci and
is among the best known examples of a placental DMR. Here we can see the pattern

of differential methylation across the locus. The SSTI/MER22/NBL2 macrosatellite
array (b), also on chromosome 19, is a previously unreported example with a per-
iodic pattern of DMRs corresponding to the SST1 repeats, originating at a HERVH
element upstream of the array. This locus is also paternally expressed, as shown in
Supplementary Fig. 8.

Plots for all DMRs are available as Supplementary Data at https://doi.
org/10.6084/m9.figshare.22589635.v1.

A known visually striking example is the chromosome 19 micro-
RNA cluster (C19MC), which encodes approximately 50 paternally-
expressed miRNAs in the placenta®. The miRNAs at this locus may be
essential for trophoblast differentiation®’, and their deregulation may
be linked to pre-eclampsia and other complications®. The extent and
the consistency of the differential methylation, as shown in Fig. 2a, are
remarkable, and we observe a pattern of steadily decreasing differ-
ential methylation across the locus.

To highlight an interesting example of a previously unchar-
acterised DMR-rich region, we identified that an array of SST1 macro-
satellite repeats on chromosome 19 has a curious methylation pattern,
which exhibits periodic methylation and demethylation of the paternal
allele corresponding to the positions of SST1 repeats (Fig. 2b). The
locus is also paternally expressed with transcription initiating at an
intact HERVH retrotransposon upstream of the differentially methy-
lated portion of the array (Fig. 2b). While SST1, also known as MER22 or
NBL2, is highly variable in copy number and is present in arrays at
multiple locations in the genome, this particular array on chrl9q is one
of the more ancestral and stable instances®. This finding is also
potentially consistent with HERVs being well-documented drivers of
transcriptional innovation in the human placenta®.

Finally, our data confirm a strong bias toward imprinted paternal
demethylation in the placenta® (Fig. 3a), with the large majority of
DMRs being demethylated on the paternal allele relative to the
maternal allele. Comparison of parent-of-origin between placenta and
the NA19240 lymphoblastoid cell line*”** shows that this bias is not
present in NA19240 (Fig. 3a). When compared to other tissues and cell
lines, most placental DMRs show a greater absolute magnitude of
differential methylation in placentas when compared to the same site
in other tissues or cells (Fig. 3b). With the caveat that a limited number
of nanopore-sequenced tissue samples are available for comparison at

this time, this indicates a high degree of placental specificity for the
DMRs identified here, along with some cross-tissue conservation of
DMRs, which is also of interest.

Allele-resolved expression

Deep cDNA sequencing (RNA-seq) was carried out on the placental
samples. Compositional inference of cell types contributing to bulk
gene expression profiles via CIBERSORTx* using single-cell sequence
data from a prior study*’ indicated a comparable mix of cell types
across samples (Supplementary Fig. 9). Short RNA-seq reads were
separated into maternal and paternal components where possible
through the presence of one or more phased variants. Multi-
dimensional scaling of the overall transcriptional profile suggests the
variance is largely between individuals rather than between parents of
origin, as one might expect (Fig. 4a). In contrast, when this analysis is
carried out on loci immediately surrounding DMRs, parent of origin
emerges as a substantial source of variance, reflected in the separa-
tion of maternal and paternal expression (Fig. 4b). As phasing is lim-
ited to reads that contain informative variants, the ability to phase
short-read RNA-seq data is limited, particularly for RNA-seq
where coverage is biased towards exons. Furthermore, estimates of
differential allelic expression over a given locus may be possible for
some individuals but not others, given that informative variants
are segregating. Nonetheless, imprinted genes are readily
identifiable through differential gene expression between maternal
and paternal alleles; an analysis of allelic differential expression of
genes identifies 74 imprinted genes at FDR <0.25 (Fig. 4c and Sup-
plementary Data 5).

Discovery of previously unreported imprinted genes

Intersecting the DMRs described here with our allele-specific expres-
sion results has the potential to uncover previously unrecognised
imprinted genes. The most prominently notable examples are ILDR2,
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Fig. 3 | Properties of placental DMRs. a Placental DMRs are highly biased towards
paternal demethylation when compared to a non-placental sample (NA19240, EBV-
transformed lymphoblastoid cell line). Methylation difference in (a) is defined as
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based on our analysis are shown. b Placental DMRs are more differentially
methylated in placenta versus other tissues or cell lines. Lighter colour corresponds
to a greater absolute difference in methylation fraction between alleles.

which appears to be paternally demethylated and expressed, and
RASALI, which is maternally demethylated and expressed.

ILDR2 is a member of the Ig superfamily and is a B7-like protein
known to modulate T cell activity, thereby potentially serving an
important function in the regulation of autoimmune responses**2. To
our knowledge, ILDR2 has not previously been identified as imprinted.
Our data indicate a strong paternally-demethylated DMR corre-
sponding to ENCODE-derived CTCF-bound cis-regulatory elements
around the penultimate exon of most ILDR2 isoforms, with essentially
all transcription derived from the paternal allele (Fig. 5a). Together,
this suggests ILDR2 is a previously unreported paternally-expressed
imprinted gene that may play a role in suppression of active T cells in
the human placenta.

RASAI (RAS p21 activator 1 or pl120-RasGAP) is a previously
unreported example of a maternally-expressed imprinted gene
(Fig. 5b). It is part of the RAS/MAPK pathway, where studies in tro-
phoblasts suggest it plays an inhibitory role, and its expression may
attenuate trophoblast proliferation and invasion in the placenta*’. The
maternally expressed imprinted gene MEG3 has been suggested as an
upstream silencer of RASAL in this context via recruiting of EZH2,
leading to H3K27me3-mediated silencing of RASA1*. Beyond the pla-
centa, mutations impacting RASA1 are implicated in an autosomal
dominant disorder with variable presentation, including abnormal
vascular growth and limb hypertrophy**. The maternally-
demethylated imprinted DMR is downstream of a nearby paternally-
demethylated imprinted DMR, and seems to correspond to imprinted
expression of the IncRNA LINC01949 (Fig. 5b). Together, the region

encompassing the 5’ end and upstream of RASA1 appears to represent
an imprinting control region for multiple genes exhibiting both
paternal and maternal imprinting, as has been observed at other ICRs.

Tumour suppressor candidate 3 (TUSC3) is an example of “epi-
polymorphism”, where a previous study remarked on the variability of
maternal-specific methylation and a potential association with
preeclampsia®. Here, we can confirm the specific location of the DMR
at the TUSC3 5'UTR as well as show a corresponding bias towards
expression of the paternal allele (Supplementary Fig. 10). It is inter-
esting to note that gene body methylation of TUSC3 has an inverse
relationship with DMR methylation in that while the paternal allele is
demethylated relative to the maternal allele in 4 of 8 samples, the
opposite is true of the gene body. This is consistent with a high level of
methylation of transcribed gene bodies previously observed in the
placental methylome*, as elsewhere. WNT2 is another epipolymorphic
gene noted in the same study® with a comparable pattern of incon-
sistent differential methylation with differential parent-of-origin
expression (Supplementary Fig. 11).

Genome variation

It has been noted that an unusually high number of somatic mutations
are detectable from bulk placenta*”**. Comparison of placental gen-
omes to parental genomes indicated an average of 186 point mutations
(single base substitutions and short insertions/deletions) per sample
not detectable in the parental genome or in gnomAD at an allele fre-
quency greater than 107 (Fig. 6a and Supplementary Data 6). On
average, 102 of these have a VAF significantly below 0.5 as assessed by
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shows many known imprinted loci - most of the maternally expressed examples are
non-coding and short RNAs clustered around the MEG3/8/9 locus on chromosome
14. The paternally-expressed loci are more heterogeneous but show a plurality of
paternal expressed miRNAs at the C1I9MC locus (Fig. 2a). As genetic variability
involving informative phased SNVs induces considerable dropout (white cells in
heatmap), and consequently high variability in expression, the FDR is set at 0.25 to
capture the most differentially expressed loci for this figure.

a one-sided binomial test; a VAF lower than 0.5 suggests a de novo
somatic mutation rather than a de novo constitutive mutation. This
finding is consistent with a recent report of widespread somatic
mutation in placental genomes®’.

Placenta-specific structural variants were considerably less
numerous, with only 4 identified concordantly in both short and long
read data (Supplementary Data 6b). The most notable among these is a
44.7 kbp duplication involving most of CNDP1 and the promoter of a
downstream gene, ZNF407 (Fig. 6b). While CNDP1 is not expressed in
the placentas without this duplication, the sample with the duplication
expresses CNDP1 downstream of the duplication 5 junction. The

promoter of ZNF407, which is highly expressed in all eight placentas,
presumably drives transcription of CDCP1 in the sample with this
structural rearrangement. Based on VAF (-0.1 for both Illumina and
Nanopore), absence from the parental genomes, and a relatively low
level of ZNF407-driven CNDP1 expression as compared to ZNF407, it
seems likely that this duplication is somatic. While there are examples
of placenta-specific duplications associated with adverse foetal
outcomes*’, that was not the case with the duplication reported here.
However, this does add to evidence that a small minority of somatically
acquired mutations affect the placental transcriptome, and a subset of
these instances may impact foetal development.
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Discussion

In this study, we have applied the advantages of nanopore sequencing
technology to the unusual epigenomic environments of the human
placenta, yielding insights and avenues for further study. Through the
application of this technology to the samples available through the
Queensland Family Cohort, we have been able to explore the allele-
specific methylation profiles of a placental cohort to identify a sub-
stantial number of DMRs not previously described. We have confirmed
and provided better visualisation of hundreds of known DMRs along-
side identification of many previously unreported DMRs and imprin-
ted genes. Overall, differential methylation between parental alleles is
more prevalent than differential gene expression between alleles.
Speculatively, this could indicate loci primed for differential gene
expression between parental alleles, but perhaps occurring in a dif-
ferent cell type than the placenta or at an earlier developmental
time point.

The genetic conflict hypothesis is a leading theoretical explana-
tion for genomic imprinting that posits a motive for regulation of
genes, particularly those involved in growth, in a manner specific to
either the maternal or paternal allele’. In this paradigm, the regulation
of the maternal genome has evolved to optimise the distribution of
resources between her and her offspring in a way that is compatible
with multiple offspring over time. This conflicts with the paternal
genome, which has evolved a regulatory regime to support as much
growth as possible in each offspring. Therefore, the argument follows
that genes driving placental growth will tend to be paternally imprin-
ted while genes that inhibit growth will tend to be maternally imprin-
ted, as reviewed in Wilkins and Haig®. The previously unreported
imprinted genes we highlight here are compatible with this model.
RASAL, which is maternally demethylated and expressed, inhibits the
activity of the RAS/MAPK pathway, thereby inhibiting trophoblast
proliferation and invasion. The paternally demethylated and expressed
ILDR2 modulates activated T cells, which is consistent with promoting
placental growth through reduction of maternal immune response
towards the placenta.

This study highlights the technical capabilities and utility of
nanopore sequencing technology and associated software tools, with
their combined ability to capture modified bases (SmCpG in this
manuscript) and genomic variation. Short-read data is included here as
a point of comparison and as an economical means of obtaining par-
ental genotypes. Short-read data as a source of variants for allele-
specific methylation is not generally necessary, given improvements in
sample preparation, flow cell technology, and base calling methods
coupled with improved variant calling software. What has been
uncovered here forms the basis for using a similar approach to study
the function of these loci in a targeted manner and the impetus for
expanding this cohort such that association between variation in DMR
status and relevant outcomes is adequately powered. Male placentas
are a notable omission from the present study, and their future
inclusion may enable additional insights into why females are better
able to adapt to environmental stressors in utero than males'. The
unique epigenomic profile of the placenta surely contains many yet
unrecognised signals linked to the developmental origins of health and
disease.

Methods

Inclusion and ethics

Our study design and conduct are compliant with all relevant regula-
tions regarding the use of human study participants as set forth in the
Australian National Health and Medical Research Council (NHMRC)
National Statement on Ethical Conduct in Human Research (Updated
2023). This study was conducted in accordance with the criteria set by
the Declaration of Helsinki. All placentas were obtained from partici-
pants in the Queensland Family Cohort" from uncomplicated preg-
nancies. Written informed consent was received from all participants

(mothers and partners). Participants were not compensated for parti-
cipation in this study. Human research ethics approval for the study
was granted by the Mater Misericordiae Limited HREC (HREC/
MML/73929).

DNA sequencing

Female (assigned at birth) placental samples and parental blood sam-
ples from uncomplicated pregnancies with no significant placental
abnormalities delivered vaginally at term were obtained from the
Queensland Family Cohort (QFC)¥. Selected statistics regarding pla-
centas, neonates, and parents are presented in Supplementary Data 7.
The QFC follows the placental collection and processing protocol of
the Global Pregnancy ColLab®, utilising multi-site sampling of chorionic
(foetal) villous tissue (minimum 4 sites per placenta). Samples were
washed to minimise carry-over of maternal blood and pooled prior to
being snap-frozen. High molecular weight (HMW) DNA for sequencing
was extracted from the placental tissue using the Nanobind Tissue Big
DNA kit (NB 900-701-01, Circulomics). For each placenta, approxi-
mately 40 mg of tissue was homogenised using a pre-sterilised pestle in
lysis buffer at 4°C, and DNA was extracted as per manufacturer’s
protocol. Where required, samples were additionally purified with
Ampure Beads XP (A63881, Beckman Coulter) and 80% EtOH. Samples
were treated with the SRE kit (SS-100-101-01, PacBio) as per manu-
facturer’s protocol to eliminate fragments <25 kb prior to sequencing.

DNA for short-read whole-genome sequencing was extracted
using a DNEasy kit (69504, Qiagen). For the placental samples,
approximately 35 mg of tissue was used as the starting input, and DNA
was extracted as per manufacturer’s protocol with a tissue lysis time of
90 min. For the parental genomes, 250 pl of PBMCs in 10% DMSO was
washed twice with PBS and then resuspended in 250 pl of PBS before
DNA was extracted as per the manufacturer’s protocol. Concentration
and purity of all DNA samples were assessed by Qubit and nanodrop,
respectively.

Short read whole genome sequencing was carried out on all
samples by Macrogen Oceania on an Illumina NovaSeq 6000. Short
reads were mapped to the reference genome (hg38, GATK Resource
Bundle) using bwa-mem2** 2.0pre2, and duplicates were marked via
samblaster®® 0.1.26.

Long-read nanopore sequencing was carried out on the placenta
samples at the Australian Centre for Ecogenomics on an Oxford
Nanopore Technologies (ONT) PromethION on version 9.4.1 flow cells.
Where required to obtain comparable coverage across all samples,
additional top-up sequencing was carried out on ONT MKklc devices
using version 9.4.1flow cells. Bases (A, C, G, T, SmCpG) were called with
Megalodon 2.5.0 using the models included with guppy 5.0.7
dna_r9.4.1.450bps_modbases_Smc_hac_prom for Promethion data and
dna_r9.4.1 450bps_modbases_Smc_hac for MinlON data. Reads were
aligned to the reference genome (hg38, GATK Resource Bundle) using
minimap2°** 2.22. Quantification of methylation and visualisations were
created using methylartist® 1.0.6.

Enzymatic methylation sequencing (EM-seq)** was carried out
according to the manufacturer’s protocol (NEBNext Enzymatic Methyl-
seq Kit E7120, New England Biolabs). Two barcoded NEBNext libraries
were sequenced on one lane of an Illumina NovaSeq X by Azenta Life
Sciences. Sequence data was quality controlled and processed using
BISCUIT** 1.4.0. The resulting. bam files with “MD” tags were processed
via “methylartist db-sub”, which converts C-T substitution data into a
format readable by methylartist for direct comparison to nanopore-
based methylation data.

)22

cDNA sequencing

Total RNA was isolated from the frozen placenta samples using an
RNeasy extraction kit (74104, Qiagen). Placental tissue was kept frozen
by liquid nitrogen and powdered using mortar and pestle. Aliquots of
approximately 30 mg of tissue were resuspended in a lysis buffer
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containing 1% p-mercaptoethanol and immediately homogenised
using ceramic beads (6540434, MP Biomedicals) on a Bead Ruptor
homogeniser (Omni Inc). Samples were subsequently spun at
13,000 x g for 10 min, supernatant was moved to a new tube, and RNA
was isolated according to the manufacturer’s protocol. All samples
were treated with Turbo DNase (AM2238, Invitrogen) to avoid DNA
contamination. Purity and concentration of RNA samples were
checked on an Agilent Bioanalyser (RIN scores of samples used for
further analysis ranged from 5.8 to 7).

Synthesis of cDNA using a RiboZero Plus protocol and sequencing
were carried out by the Australian Genome Research Facility (AGRF) on
an lllumina NovaSeq 6000 (150 bp PE) with a total target depth of
100 M PE reads per sample. Reads were aligned to the reference gen-
ome (hg38, GATK Resource Bundle) using STAR” 2.7.10a, and dupli-
cate reads were marked via samblaster®® 0.1.26. Aligned reads were
assessed against quality control metrics using rnaseqc®® 2.4.2 and
CollectRnaSeqMetrics from picard 2.27.5. Reads were phased using
whatshap-phased variants as per long-read DNA sequencing. Reads
were counted against DMR locations and against Ensembl gene build
106 using featureCounts from Rsubread” 4.1.2. Read counts were
assessed for differential expression using edgeR® 4.1.2.

Assessment of cell type composition was carried out via the
CIBERSORTX*’ Docker container. A single-cell sequence data read
count matrix was obtained from GEO accession GSE182381*°, and cell
fractions were estimated with parameters --single_cell TRUE --repli-
cates 20 --perm 100 --verbose TRUE --rmbatchSmode TRUE.

Mutation detection

SNVs/INDELs. To detect germline variants used for phasing, variants
for each trio were called jointly with GATK 4.1.9 HaplotypeCaller, and
quality scores were recalibrated using GATK VQSR. Putative de novo
and somatic variants were detected using GATK Mutect2®, with
gnomAD® 3.1.2 as a germline resource, using the set of all parental
genomes as a “panel of normals”. Mutect calls were filtered via GetPi-
leupSummaries, CalculateContamination, and FilterMutectCalls and
screened using a script to remove variants with a gnomAD allele
frequency >1e™ and total read depths <10. Putative de novo and
somatic mutations detected in placentas from the lllumina WGS data
were verified in the nanopore data from the same placenta.

SVs. Structural variants were detected from short-read data via delly®®
v1.1.6 on a per-trio basis, filtered for somatic variants in the placenta
sample, genotyped against the whole cohort, and further filtered for
somatic variants versus the whole-cohort genotyping results. SVs from
long-read data were detected via sniffles2®* version 2.0.4 using the
-non-germline and -phased options, and delly-derived somatic SVs
confirmed via these results were reported. Additional tools were used
to screen for transposable element insertions: TEBreak® for short-read
data and TLDR” for long-read data.

Phasing

Variants called from Illumina, along with pedigree information (trios),
were phased using nanopore reads via WhatsHap" v1.4. Phased VCFs
were used to tag nanopore reads using a combination of WhatsHap
and customised methods. Manual examination of known DMRs (e.g.
IGF2, GNAS, PEG3) was used as a quality control check.

DMR detection

Genome-wide phased methylation values at each CpG were output via
“methylartist wgmeth --dss”, which yields outputs suitable for import
to the DSS differential methylation package®® implemented in R. DSS
was used on both a per-individual (e.g. Fig. 3a) and whole-cohort basis
(Supplementary Data 3) to identify differentially methylated loci.
Candidate DMRs were ranked by “areaStat” (aggregated DML statistic).
These were plotted with a +20kbp window using “methylartist locus”

and visually inspected to filter DMRs. Known DMRs were intersected
via “bedtools intersect” to construct a single list of known DMRs, and
these were screened against DMRs detected via our approach. Pre-
viously reported DMRs that were not identified by our approach were
also plotted via “methylartist locus” and visually inspected to assess
whether the known DMR was apparent in our cohort.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All sequence data generated in this study have been deposited at the
EGA with accession EGAD50000001850 via controlled (mediated)
access due to human research ethics requirements. We endeavour to
respond to access requests within two weeks. Processed data is avail-
able in the form of allele-specific methylation levels for all placental
samples as indexed bedMethyl format at https://doi.org/10.6084/m9.
figshare.28593515.v1. Additional Supplementary data is available at
https://doi.org/10.6084/m9.figshare.22589635.v1. Nanopore sequence
data from Heart, Liver, and Hippocampus tissues” was obtained from
SRA Bioproject PRJNA629858. Nanopore sequence data from
NA19240* were obtained via ENA accession PRJEB26791. MCF-7
sequence data® was obtained from SRA Bioproject PRJNA748257.
Placenta single-cell sequencing read counts*® were obtained from GEO
accession GSE182381.

Code availability

Primary analyses were conducted via Methylartist™. Scripts for using
methylartist output in DSS are included in the ‘scripts’ directory in the
methylartist repository (https://github.com/adamewing/methylartist).
Specific methylartist commands, additional scripts for generating fig-
ures, and supporting data specific to this study are available at https://
github.com/adamewing/KindlovaByrne2025 (https://doi.org/10.5281/
zenodo.15532400) and at https://doi.org/10.6084/m9.figshare.
28636532.v1.

References

1. Ehrlich, M. et al. Amount and distribution of 5-methylcytosine in
human DNA from different types of tissues of cells. Nucleic Acids
Res. 10, 2709-2721 (1982).

2.  Robinson, W. P. & Price, E. M. The human placental methylome.
Cold Spring Harb. Perspect. Med. 5, a023044 (2015).

3. Schroeder, D. I. et al. The human placenta methylome. Proc. Natl.
Acad. Sci. USA 110, 6037-6042 (2013).

4. Schroeder, D. I. et al. Early developmental and evolutionary origins
of gene body DNA methylation patterns in mammalian placentas.
PLoS Genet. 11, €1005442 (2015).

5. Gong, S. etal. The human placenta exhibits a unique transcriptomic
void. Cell Rep. 42, 112800 (2023).

6. Gong, S. et al. The RNA landscape of the human placenta in health
and disease. Nat. Commun. 12, 1-17 (2021).

7. Moore, T. & Haig, D. Genomic imprinting in mammalian develop-
ment: a parental tug-of-war. Trends Genet. 7, 45-49 (1991).

8. Frost, J. M. & Moore, G. E. The importance of imprinting in the
human placenta. PLoS Genet. 6, 1001015 (2010).

9. Coan, P. M., Burton, G. J. & Ferguson-Smith, A. C. Imprinted genes in
the placenta-A review. Placenta 26, S10-S20 (2005).

10. Hanna, C. W. Placental imprinting: emerging mechanisms and
functions. PLoS Genet. 16, €1008709 (2020).

1. Deamer, D., Akeson, M. & Branton, D. Three decades of nanopore
sequencing. Nat. Biotechnol. 34, 518-524 (2016).

12. Neher, E. & Sakmann, B. Single-channel currents recorded from
membrane of denervated frog muscle fibres. Nature 260,
799-802 (1976).

Nature Communications | (2025)16:10358


https://doi.org/10.6084/m9.figshare.28593515.v1
https://doi.org/10.6084/m9.figshare.28593515.v1
https://doi.org/10.6084/m9.figshare.22589635.v1
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA629858
https://www.ebi.ac.uk/ena/browser/view/PRJEB26791
https://github.com/adamewing/methylartist
https://github.com/adamewing/KindlovaByrne2025
https://github.com/adamewing/KindlovaByrne2025
https://doi.org/10.5281/zenodo.15532400
https://doi.org/10.5281/zenodo.15532400
https://doi.org/10.6084/m9.figshare.28636532.v1
https://doi.org/10.6084/m9.figshare.28636532.v1
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-65337-3

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

Patterson, M. et al. WhatsHap: weighted haplotype assembly for
future-generation sequencing reads. J. Comput. Biol. 22,
498-509 (2015).

Yuen, Z. W.-S. et al. Systematic benchmarking of tools for CpG
methylation detection from nanopore sequencing. Nat. Commun.
12, 1-12 (2021).

Kolmogorov, M. et al. Scalable Nanopore sequencing of human
genomes provides a comprehensive view of haplotype-resolved
variation and methylation. Nat. Methods 20, 1483-1492 (2023).
Akbari, V. et al. Genome-wide detection of imprinted differentially
methylated regions using nanopore sequencing. eLife 11,

e77898 (2022).

Gigante, S. et al. Using long-read sequencing to detect imprinted
DNA methylation. Nucleic Acids Res. 47, e46 (2019).

Clifton, V. L. Review: sex and the human placenta: mediating dif-
ferential strategies of fetal growth and survival. Placenta 31,
S$33-539 (2010).

Borg, D. et al. Queensland family Cohort: a study protocol. BMJ
Open M, e044463 (2021).

Simpson, J. T. et al. Detecting DNA cytosine methylation using
nanopore sequencing. Nat. Methods 14, 407-410 (2017).

Ewing, A. D. et al. Nanopore sequencing enables comprehensive
transposable element epigenomic profiling. Mol. Cell 80,
915-928.e5 (2020).

Vaisvila, R. et al. Enzymatic methyl sequencing detects DNA
methylation at single-base resolution from picograms of DNA.
Genome Res. 31, 1280-1289 (2021).

Phung, T. N. et al. X chromosome inactivation in the human pla-
centa is patchy and distinct from adult tissues. HGG Adv. 3,
100121 (2022).

Court, F. et al. Genome-wide parent-of-origin DNA methylation
analysis reveals the intricacies of human imprinting and suggests a
germline methylation-independent mechanism of establishment.
Genome Res. 24, 554-569 (2014).

Hanna, C. W. et al. Pervasive polymorphic imprinted methylation in
the human placenta. Genome Res. 26, 756-767 (2016).
Sanchez-Delgado, M. et al. Human oocyte-derived methylation
differences persist in the placenta revealing widespread transient
imprinting. PLoS Genet. 12, 1006427 (2016).

Jima, D. D. et al. Genomic map of candidate human imprint control
regions: the imprintome. Epigenetics 17, 1920-1943 (2022).
Monteagudo-Sanchez, A. et al. Differences in expression rather
than methylation at placenta-specific imprinted loci is associated
with intrauterine growth restriction. Clin. Epigenet. 11, 35 (2019).
Hamada, H. et al. Allele-specific methylome and transcriptome
analysis reveals widespread imprinting in the human placenta. Am.
J. Hum. Genet. 99, 1045-1058 (2016).

Yuen, R. K. C. et al. Human placental-specific epipolymorphism and
its association with adverse pregnancy outcomes. PLoS ONE 4,
€7389 (2009).

Noguer-Dance, M. et al. The primate-specific microRNA gene
cluster (C19MC) is imprinted in the placenta. Hum. Mol. Genet. 19,
3566-3582 (2010).

Kobayashi, N. et al. The microRNA cluster C19MC confers differ-
entiation potential into trophoblast lineages upon human plur-
ipotent stem cells. Nat. Commun. 13, 3071 (2022).

Hromadnikova, |. et al. Expression profile of CI9MC microRNAs in
placental tissue in pregnancy-related complications. DNA Cell Biol.
34, 437-457 (2015).

Hoyt, S. J. et al. From telomere to telomere: the transcriptional and
epigenetic state of human repeat elements. Science 376,
eabk3112 (2022).

Frost, J. M. et al. Regulation of human trophoblast gene expression
by endogenous retroviruses. Nat. Struct. Mol. Biol. 30,

527-538 (2023).

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

. Wang, X., Miller, D. C., Harman, R., Antczak, D. F. & Clark, A. G.

Paternally expressed genes predominate in the placenta. Proc. Natl.
Acad. Sci. USA 110, 10705-10710 (2013).

De Coster, W. et al. Structural variants identified by Oxford Nano-
pore PromethlON sequencing of the human genome. Genome Res.
29, 1178-1187 (2019).

Byrska-Bishop, M. et al. High-coverage whole-genome sequencing
of the expanded 1000 Genomes Project cohort, including 602 trios.
Cell 185, 3426-3440.e19 (2022).

Newman, A. M. et al. Determining cell type abundance and
expression from bulk tissues with digital cytometry. Nat. Biotechnol.
37, 773-782 (2019).

Campbell, K. A. et al. Placental cell type deconvolution reveals that
cell proportions drive preeclampsia gene expression differences.
Commun. Biol. 6, 264 (2023).

Hecht, I. et al. ILDR2 is a novel B7-like protein that negatively reg-
ulates T cell responses. J. Immunol. 200, 2025-2037 (2018).
Podajil, J. R. et al. ILDR2-Fc is a novel regulator of immune home-
ostasis and inducer of antigen-specific immune tolerance. J.
Immunol. 200, 2013-2024 (2018).

Zhang, J., Liu, X. & Gao, Y. Abnormal H3K27 histone methylation of
RASA1 gene leads to unexplained recurrent spontaneous abortion
by regulating Ras-MAPK pathway in trophoblast cells. Mol. Biol.
Rep. 48, 5109-5119 (2021).

Zhang, J., Liu, X. & Gao, Y. The long noncoding RNA MEG3 regulates
Ras-MAPK pathway through RASA1 in trophoblast and is associated
with unexplained recurrent spontaneous abortion. Mol. Med. 27,
70 (2021).

Eerola, I. et al. Capillary malformation-arteriovenous malformation,
a new clinical and genetic disorder caused by RASA1 mutations.
Am. J. Hum. Genet. 73, 1240-1249 (2003).

Revencu, N. et al. RASA1 mutations and associated phenotypes in
68 families with capillary malformation-arteriovenous malforma-
tion. Hum. Mutat. 34, 1632-1641 (2013).

Coorens, T. H. H. et al. Inherent mosaicism and extensive mutation
of human placentas. Nature 592, 80-85 (2021).

Hannibal, R. L. et al. Copy number variation is a fundamental aspect
of the placental genome. PLoS Genet. 10, e1004290 (2014).

Del Gobbo, G. F., Yuan, V. & Robinson, W. P. Confined placental
mosaicism involving multiple de novo copy number variants asso-
ciated with fetal growth restriction: a case report. Am. J. Med.
Genet. 185A, 1908-1912 (2021).

Wilkins, J. F. & Haig, D. What good is genomic imprinting: the
function of parent-specific gene expression. Nat. Rev. Genet. 4,
359-368 (2003).

Burton, G. J. et al. Optimising sample collection for placental
research. Placenta 35, 9-22 (2014).

Vasimuddin, M., Misra, S., Li, H. & Aluru, S. Efficient Architecture-
Aware Acceleration of BWA-MEM for Multicore Systems. In Proc.
2019 IEEE International Parallel and Distributed Processing Sympo-
sium (IPDPS) 314-324 (IEEE, 2019).

Faust, G. G. & Hall, I. M. SAMBLASTER: fast duplicate marking and
structural variant read extraction. Bioinformatics 30,

2503-2505 (2014).

Li, H. Minimap2: pairwise alignment for nucleotide sequences.
Bioinformatics 34, 3094-3100 (2018).

Cheetham, S. W., Kindlova, M. & Ewing, A. D. Methylartist: tools for
visualizing modified bases from nanopore sequence data. Bioin-
formatics 38, 3109-3112 (2022).

Zhou, W. et al. BISCUIT: an efficient, standards-compliant tool suite
for simultaneous genetic and epigenetic inference in bulk and
single-cell studies. Nucleic Acids Res. 52, €32 (2024).

Dobin, A. et al. STAR: ultrafast universal RNA-seq aligner. Bioinfor-
matics 29, 15-21 (2012).

Nature Communications | (2025)16:10358


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-65337-3

58. Graubert, A., Aguet, F., Ravi, A., Ardlie, K. G. & Getz, G. RNA-SeQC 2:
efficient RNA-seq quality control and quantification for large
cohorts. Bioinformatics 37, 3048-3050 (2021).

59. Liao, Y., Smyth, G. K. & Shi, W. featureCounts: an efficient general
purpose program for assigning sequence reads to genomic fea-
tures. Bioinformatics 30, 923-930 (2014).

60. Robinson, M. D., McCarthy, D. J. & Smyth, G. K. edgeR: a Bio-
conductor package for differential expression analysis of digital
gene expression data. Bioinformatics 26, 139-140 (2010).

61. Benjamin, D. et al. Calling Somatic SNVs and Indels with Mutect2.
Preprint at bioRxiv https://doi.org/10.1101/861054 (2019).

62. Karczewski, K. J. et al. The mutational constraint spectrum quanti-
fied from variation in 141,456 humans. Nature 581, 434-443 (2020).

63. Rausch, T. et al. DELLY: structural variant discovery by integrated
paired-end and split-read analysis. Bioinformatics 28,
i333-i339 (2012).

64. Sedlazeck, F. J. et al. Accurate detection of complex structural
variations using single-molecule sequencing. Nat. Methods 15,
461-468 (2018).

65. Carreira, P. E. et al. Evidence for L1-associated DNA rearrangements
and negligible L1 retrotransposition in glioblastoma multiforme.
Mob. DNA 7, 21 (2016).

66. Wu, H. et al. Detection of differentially methylated regions from
whole-genome bisulfite sequencing data without replicates.
Nucleic Acids Res. 43, €141 (2015).

Acknowledgements

We gratefully acknowledge the families participating in the Queensland
Family Cohort study, which enabled this study. We acknowledge the
Translational Research Institute (TRI) for research space, equipment, and
facilities. This study was funded by the Australian Department of Health
Medical Research Future Fund (MRFF) (MRF1175457 to A.D.E.), by the
Mater Foundation, and by the Advance Queensland Women'’s Research
Assistance Programme (WRAPO86-2019RD1 to M.K.). We acknowledge
the sequencing service providers used in this study: The Australian
Centre for Ecogenomics (ACE), Macrogen Oceania, and the Australian
Genomic Research Facility (AGRF). We would like to acknowledge
Natasha Jansz for helpful discussions.

Author contributions

A.D.E. designed the study and analysed sequencing data. A.D.E., M.K.,
and H.B. wrote the manuscript with feedback and input from all authors.
M.K., H.B., J.M.K., S.E.S., and J.M.W. carried out sample preparation and
quality control. J.M.K. and S.E.S. provided valuable advice and expertise

concerning the preparation of placental RNA. V.L.C. and D.B. facilitated
provision of samples on behalf of the Queensland Family Cohort. V.L.C.
provided expertise and advice concerning study design and data
analysis.

Competing interests

A.E. has received reimbursement for travel, accommodation, and con-
ference fees to speak at events organised by Oxford Nanopore Tech-
nologies. The remaining authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-025-65337-3.

Correspondence and requests for materials should be addressed to
Adam D. Ewing.

Peer review information Nature Communications thanks the anon-
ymous reviewers for their contribution to the peer review of this work. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2025

Nature Communications | (2025)16:10358

10


https://doi.org/10.1101/861054
https://doi.org/10.1038/s41467-025-65337-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	An allele-resolved nanopore-guided tour of the human placental methylome
	Results
	Comprehensive allele-resolved methylation profiling
	Allele-resolved expression
	Discovery of previously unreported imprinted genes
	Genome variation

	Discussion
	Methods
	Inclusion and ethics
	DNA sequencing
	cDNA sequencing
	Mutation detection
	SNVs/INDELs
	SVs

	Phasing
	DMR detection
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




