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How has the study of the human placenta aided our
understanding of partially methylated genes?
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Abstract

While the human genome sequence is relatively uniform between the cells of an individual, the
DNA methylation of the genome (methylome) has unique features in different cells, tissues and
stages of development. Recent genome-wide sequencing of the methylome has revealed large
partially methylated domains (PMDs) in the human placenta. Unlike CpG islands and Polycomb-
regulated regions, which can also have low levels of methylation, placental PMDs cover
approximately 37% of the human genome and are associated with inaccessible chromatin and the
repression of tissue-specific genes. Here, we summarize the interesting biological questions that
have arisen as a result of finding PMDs in the human placenta, including how PMDs form, what
they do, how they evolved and how they might be relevant to human disease.
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Short history of partially methylated domains

DNA methylation of CpG dinucleotides has been studied for decades; however, recent new
techniques and discoveries have caused a major re-examination of the role of DNA
methylation in gene regulation. In mammals, it was classically thought that a gene’s
promoter and nearby CpG islands are methylated when the gene is transcriptionally
repressed and unmethylated when the gene is active (Fisure 1A). This was certainly true for
the classic epigenetically regulated genes in which the methylated promoter correlated with
the silent allele for imprinted genes or X-inactivated genes in females [1-4]. However, this
led to the generally held belief that DNA methylation was an epigenetic marker of gene
repression [5], a limited view of the methylome, which was due to the limitations of
available technology. The gold standard for analyzing DNA methylation, Sanger bisulfite
sequencing, involved labor-intensive cloning and sequencing of individual 1-kb PCR
fragments (Box 1). Therefore, analyses focused on short sequences where potential
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methylation sites were clustered, such as promoters and CpG islands, which were most
likely to have regulatory functions. However, recent advances in genome-wide sequencing
technology and chemical biology have shed light on new epigenetic mysteries:
hydroxymethylcytosine [6,7], non-CpG methylation [8], R loops in promoter CpG islands
[9], and the diversity of DNA methylation patterns and functions in various species [10-12].
Another of these is the discovery of partially methylated domains (PMDs).

PMDs are large domains of DNA (often greater than 100 kb) that have lower levels of DNA
methylation than the rest of the genome (Ficure 1B). A genome with PMDs can thus be
divided into PMD regions and highly methylated domains (HMDs), with PMDs covering
approximately 40% of the genome in human IMR90 fetal lung fibroblasts [8,13]. However,
most adult human tissues do not have PMDs, instead showing a highly methylated genome
of 75-80% methylation and only relatively small hypomethylated regions within CpG
islands and Polycomb-regulated genes [14]. PMDs were perhaps first discovered in a partial
genomic sampling of ENCODE pilot regions using bisulfite padlock probes [15]. The first
definitive whole-genome discovery of PMDs came in 2009 when Lister et al. used MethyIC-
seq to survey the entire methylome of the human IMR90 fetal lung fibroblast cell line,
demonstrating that IMR90 cells, but not the H1 embryonic stem cell (ESC) line, showed the
methylomic landscape feature of PMDs [8]. PMDs were later described in human SH-SY5Y
neuroblastoma cells [13], breast cancer cells [16,17] and colorectal cancer cells [18,19].

One of the difficulties of studying PMDs is the lack of definitions and consistent
nomenclature within the epigenetics community (Box 2). Genomic regions of low
methylation can represent promoters, CpG islands, enhancers [20-22], Polycomb-regulated
regions [23], PMDs or other previously uncharacterized regulatory regions. Unfortunately, it
has become common practice in the recent literature to give novel names to differentially
methylated regions, leaving it up to the reader to reanalyze the data themselves to glean
what type of regulatory elements/regions might be involved. Although authors often break
down whether the regions are in promoters or CpG islands, classifications such as ‘genic’
and ‘intergenic’ are less useful. Another difficulty of studying PMDs is the surprising
diversity of large-scale genome methylation patterns in human tissues, cell lines and
cancers. In addition to the globally high methylation seen in most adult human tissues and
the handful of cell lines and tissues showing PMD/HMD distinctions, there are also tissues
and cell lines showing consistently lower methylation throughout their genomes, such as
developing red blood cells and adipose stem cells grown in culture [24,25]. In addition,
careful examination of some genomes, such as neural cells derived from human ESCs show
large domains of slightly lower methylation that cover only a few genes, often those in gene
family clusters [26]. It is therefore an open question as to how much of the genome may be
covered by PMDs, how long PMDs should be and how great the difference in methylation
must be between PMDs and HMDs for a genome to be considered to have true PMDs.

Much, if not all, of the above difficulties in PMD and DNA methylation definitions and
nomenclature will be addressed once we have a fuller understanding of the mechanisms
causing the PMD/HMD landscape and the possible role of PMDs in gene regulation.
Unfortunately, to date, very little is known about what causes a cell type to form PMDs and
how or why the PMDs become highly methylated in mature tissues. Furthermore, since
single-cell analyses of PMDs have not been performed, it is not clear what PMDs would
look like at the cellular level.

PMDs contain genes that are transcriptionally repressed [8] and often overlap H3K9me3 and
H3K27me3 [12], but these chromatin marks are by no means predictive of PMD locations.
PMDs do not, however, appear to be a signature of total heterochromatin since there are
many genes within HMDs that are also not transcriptionally active [13]. Instead, PMDs may
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mark the locations of a developmentally important chromatin program for repressing tissue-
specific genes in the inappropriate cell type [13]. For example, SH-SY5Y cells have PMDs
covering genes involved in respiratory tube development, defense response and
keratinization, among others [13]. By contrast, the IMR90 cells have PMDs covering genes
involved in neuron differentiation, defense response and keratinization. Thus, the
developmentally important genes in a cell are those that are uniquely not in a PMD in that
cell type. For instance, many neurotransmitter receptors and neuronal adhesion molecules
are in PMDs in fetal fibroblasts, but not neuroblastoma cells that express these molecules
[13]. Genes within PMDs have significantly higher promoter and promoter CpG island
methylation than genes within HMDs, consistent with the known association between
increased promoter methylation and reduced gene expression [27].

PMDs are also distinct from Polycomb-regulated regions, which have low DNA methylation
levels [23,28]. Genes regulated by the Polycomb complex encode developmentally regulated
transcription factors marked in ESCs by the histone methyltransferase EZH2 and bivalency
of both repressive (H3K27me3) and active H3K4me3 histone marks [29]. Although PMDs
often encompass Polycomb-regulated genes, PMDs tend to be much larger and are not
particularly enriched for transcription factor genes [28]. In addition, PMDs exhibit tissue-
specific hypomethylation, while the much smaller hypomethylated domains over Polycomb-
regulated genes are hypomethylated in most tissues and are characterized by closely spaced
clusters of CpG islands. However, the mechanisms involved in creating and maintaining
PMDs and how they interact with Polycomb gene repression is entirely unknown.

PMDs in the placenta: more questions than answers

Until recently it was uncertain whether PMDs were mostly a phenomenon in cancers and an
artifact of the rapid cell divisions observed in cell tissue culture conditions. However, the
discovery that the human placenta has PMDs, and that the PMDs are maintained from the
first to third trimester [28,30], opens up whole new questions for a potential role of PMDs in
normal human development.

Are PMDs only found in the placenta or are there other tissues with PMDs?

Although normal human breast and colon tissue have some indications of PMDs, recognized
as slightly lower methylation levels over the regions defined as PMDs in their corresponding
cancers [17,19], thus far no other human tissues have been found with evidence of clear-cut
boundaries between PMDs and HMDs. This may change as more and more human tissues
are analyzed by MethylC-seq. Since genes in PMDs in one tissue may be in a HMD and
active in another, more functionally relevant tissue, knowing the tissue specificity of the
PMD genes can give clues to other human tissues that could potentially have PMDs. Given
that the genes in PMDs are involved in embryonic functions in a variety of tissues, the
question becomes not where PMDs may be found, but when during development, they
occur. It could be that PMDs are found only in a transient state during cellular
differentiation when cell fate or maturational decisions are being made. This could make
finding PMDs in other tissues more difficult, highlighting the need to discover the
mechanisms surrounding PMDs to help identify other candidate cell types for MethylC-seq
analysis.

However, another possibility is that the placenta is the only human tissue with PMDs.
Unlike other human tissues, most of the fetal side of the human placenta never originates
directly from ESCs [31]. In vivo, trophoblast cells arise from the trophectoderm, not the
inner cell mass, of the blastocyst. Following fertilization, the zygote undergoes waves of
demethylation, first of the paternal and then the maternal chromosomes. By the morula
stage, most of the genome has low methylation. By the blastocyst stage, the inner cell mass
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starts to become remethylated, whereas the trophectoderm maintains low methylation [32].
This does not answer how distinct PMD and HMD regions form in the placenta, but the
mechanism raises interesting questions about how PMDs form in cancer tissues and whether
such a mechanism could possibly occur in other normally developing tissues.

Interestingly, two studies examined the DNA methylation patterns in trophoblast-like cells
differentiated in vitro from human ESCs [25,33]. Although such cells had trophoblast
characteristics [34,35], they did not have PMDs. Likewise in mouse cells, differentiation of
trophoblast cells from mouse ESCs did not fully recapitulate the low levels of methylation
seen in E9.5 trophectoderm tissue [36]. This could be due to either the sensitivity of
trophoblast differentiation to cell culture conditions [37] or because sufficiently low levels
of methylation are difficult to achieve from ESCs, which have already partially or
completely undergone remethylation in the embryo.

What causes PMDs?

Some clues to the cause of the hypomethylated state of PMDs come from observations of
the chromatin states within PMDs. PMDs have been found to associate with late-replicating
regions in dividing cells [38]: nuclear-lamin associated domains at the nuclear periphery
[19] and the repressive chromatin histone marks, H3K27me3 and H3K9me3 [20]. Thus,
PMDs could mark a tissue-specific, transcriptionally repressive heterochromatic
environment. Combined MethylC-seq and RNA-sequencing analyses of the placenta
identified transcriptionally repressed domains that consistently overlapped with PMDs [28].
These results suggest that domain-specific transcriptional repression is deeply intertwined
with heterochromatin and partial methylation, but the question of whether the
heterochromatin state of gene repression is the cause or consequence of PMD formation
remains.

PMDs might simply be a consequence of the heterochromatin environment and/or nuclear
localization. Intriguingly, all of the cells and tissues found to contain PMDs are also in a
state of rapid growth. This observation led to one hypothesis that, due to the rapid DNA
replication, the maintenance DNA methyltransferase (DNMT) enzyme, DNMT1, may not
have sufficient time or activity to fully methylate the DNA in the late-replicating
heterochromatic regions [17]. An alternative hypothesis, suggested by the overlap with
nuclear lamins, is that PMDs are hypomethylated simply because they are inaccessible to
DNMT1 and/or the de novo DNMTSs. Such compacted heterochromatin might also be
inaccessible to transcription factors and other transcriptional activators, making the
methylation state of the genes and their promoters irrelevant.

PMDs might instead be an important part of gene regulation, being an identifying mark of a
unique developmental mechanism to repress unnecessary genes during cell differentiation
and/or migration. In this scenario, PMDs would later be replaced by more permanent
heterochromatin and histone marks in the fully mature cell, and gene repression would
become independent of gene-body DNA methylation levels. However, this hypothesis opens
up major questions about the causality of repression of PMD genes. Do PMDs cause gene
repression or are they simply a marker of transcriptional repression in uncommitted cell
types? Are PMDs hypomethylated because they are simply protected from DNMTSs during
development or are they actively demethylated? Alternatively, are there mechanisms that
specifically methylate genomic domains to convert from a PMD to HMD state in a
hypomethylated genome?
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What is the significance of PMDs for placental function?

The major function of the placenta is to provide a feto—maternal interface for nutrient,
oxygen and waste exchange, as well as regulating fetal growth and development through
endocrine and growth factors [39]. In addition, both immune and trophoblastic cells serve as
defense responders to a wide range of foreign microbes, as well as to the mother’s own
immune response to fetal antigens [40]. Major problems in placental function result in early
miscarriage and reproductive failure, while more subtle pathologies in placental
development are observed in pregnancy complications such as preterm birth, pre-eclampsia
or fetal interuterine growth restriction [41].

The discovery of PMDs in the human placenta begs the question ‘why are they in the
placenta?” Some clues can be gleaned from the function of the genes that reside in placental
HMDs that are PMDs (thus repressed) in other cells and tissues. These placental HMD
genes, which are specifically not repressed in placenta, could be important for placental
function. Placental HMDs are enriched for genes involved in the defense response [28] and
include a-defensins, a-interferons, selectins-E and -P, chemokine receptors, chemokine
ligands and interleukins. Many of the genes in placental HMDs are important for normal
pregnancy: low levels of IRLRN are associated with pre-eclampsia, high levels of THBD are
associated with preterm birth [42,43], and CRH is a marker for the length of gestation and
the timing of parturition [44]. Other genes are important for placental development and
structure, including CCR1, CCR2, CCR3 and CCL 14, which are thought to be involved in
trophoblast migration [45] and the desmosome genes, which are involved in cell—cell
adhesion in the placenta [46]. Thus, many of these genes are involved in placental
development, pregnancy and immune response and their presence in the placenta-specific
HMDs suggests a unique method of tissue-specific repression.

Many interesting questions remain about PMD function in the placenta. For example, an
important question is which cell types in the placenta have the PMDs? Cells within the
placenta are heterogeneous, including fetal trophoblasts that further differentiate into
syncytiotrophoblasts, cytotrophoblasts and extravillous trophoblasts. In addition, cells of the
maternal immune system are generated and reside within the placenta, creating a tolerogenic
state [40]. A look at the cell specificity of placental HMD genes, discussed above, gives a
confusing mix of potential cell types. For example, KLRC genes are specifically expressed
in natural killer cells, a-defensins are most commonly found in neutrophils and many of the
chemokine receptors are expressed by syncytiotrophoblasts [47]. It is not entirely
implausible that all of these cells would have PMDs, since many immune cells are found in
the placenta and some, such as decidual natural killer cells, have a specialized contingent
that stays in the placenta [48]. However, it should be noted that just because a gene is not in
a PMD does not mean that it is being actively expressed [13,28]. Future studies will need to
isolate individual cell types from the placenta to determine their DNA methylation patterns
and their potential for specific roles in placental health and fetal growth.

How did placental PMDs evolve?

Coupled with the question of PMD function in the placenta is the question of how they
evolved in relation to the evolution of the mammalian placenta. Although it has long been
known that the mouse placenta also has lower levels of methylation compared with other
mouse tissues [49,50], it is still unknown whether the mouse placenta has PMDs. If it does
have PMDs, important information could be gleaned from studies in mice. For example, it
has been recently shown in mice that certain endogenous retroviruses can act as enhancers
when in hypomethylated tissues, such as the placenta [51]. Another study showed that
although Dnmt3a2 and Dnmt3b levels drop along with DNA methylation as mouse ESCs
differentiate into trophoblasts, individual overexpression of Dnmts and Np95/Uhrf1 did not
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cause an increase in methylation levels in the trophoblasts, suggesting that other
mechanisms may be involved that prevent remethylation [36].

It is plausible, however, that DNA methylation and regulatory mechanisms could be entirely
different between mice and humans, especially considering the evolution of the placenta
itself. Among placental mammals, the diversity of gross morphology and cellular
organization of the placenta is remarkable, with morphology ranging from discoid/bidiscoid,
zonary, cotyledonary and diffuse [52,53]. Compared with humans, mice have a different
mode of implantation and trophoblast invasion is much more limited [54], although they
share a discoid, hemochorial placenta type. As expected, species more closely related to
humans have more similar morphology. Although prosimians (early primates) have a
noninvasive epitheliochorial-type placenta, the rest of the primates have an invasive
hemochorial placenta. Great apes have a similar, highly invasive placenta to humans, and
pre-eclampsia has been documented in gorillas and chimpanzees, showing that they can
have similar pregnancy complications [53]. It will be interesting to determine whether all
mammalian placentas have low methylation and/or PMDs and, if not, how they correlate
with placental morphology, maternal—fetal interactions, and species-specific placental gene
regulation.

What is the significance of placental PMDs to cancer epigenetics?

Improved understanding of the placental methylome and PMDs is expected to be beneficial
to diseases outside of those directly involving complications of pregnancy. In the first 10-12
weeks of human pregnancy, fetal trophoblast cells of the placenta invade the maternal
uterine lining and spiral arteries, making the action of these placental cells similar to the
invasive properties of cancer cells [55]. Human tumors aberrantly express placenta-specific
genes, and together with germline-specific genes, placental genes can be biomarkers of
aggressive metastasis in cancer [56].

Many human cancers also have a characteristic epigenomic profile, with promoter hyper-
methylation of tumor suppressor genes and/or genome-wide global hypomethylation [57].
The placental methylome showed a similar epigenomic landscape to that observed in many
cancers in its global hypomethylation combined with promoter hypermethylation [28].
However, the observation of PMDs through MethylC-seq in both placental and cancer
methylomes may help to explain the decades-long conundrum of both hypermethylation and
hypomethylation in cancer. For instance, the genomic regions of large-scale
hypomethylation and focal hyper-methylation in colorectal cancers were found to coincide
with nuclear lamina-associated domains, as well as PMDs [19]. Human breast cancer was
also found to have large hypomethylated domains corresponding to PMDs and repressed
chromatin [16,17]. However, despite the overall partial methylation of the large-scale
domain-wide methylation patterns, promoter CpG island methylation was actually higher
when a gene was within a PMD compared with HMD in the placenta [45]. This observation
is similar to that observed in cancer, where focal areas of hypermethylation were contained
within large hypomethylated domains [19].

This new genome-wide view of DNA hypoand hyper-methylation in the placenta and cancer
compared with other human tissues suggests that a new perspective on methylation data in
cancer is warranted. For instance, in interpreting the hypermethylation observed in the CpG
island promoter of a gene of interest, it may be necessary to also investigate regions just
outside of the gene to determine whether the change in the methylation state of the gene’s
CpG island promoter is due to active hypermethylation of that specific gene or, alternatively,
part of a more global phenomenon due to the gene being in a PMD. In addition, since PMDs
are observed in the early developmental tissue of the placenta [28], could the epigenomic
alterations seen in cancer possibly be due to the transformed cells becoming arrested in an
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earlier developmental stage? If so, methylation changes in cancer that have been assumed to
be something gained in the tumor, could instead be reinterpreted as an earlier epigenetic
state that is simply not lost. These genome-wide views of the methylome should be
important in understanding the response of human cancers to epigenetic therapies for
globally inhibiting DNA methylation [58].

Conclusion & future perspective

Our understanding of the DNA methylome, including the dynamic changes that occur in
development, lineage commitment and disease states, is still in its infancy. Clearly, the
advent of genome-wide sequencing approaches to DNA methylation analyses has
revolutionized the field, allowing views of the methylome that had not been seen previously.
PMDs have recently emerged as an unexpected landscape feature of the human methylome
that may shed light on epigenetic mysteries that have long stymied the cancer field. This
genome-wide view of the methylome has suggested that investigations of DNA methylation
differences in human disease states needs to move beyond the low hanging fruit of CpG
islands to the examination of all CpG sites in the genome. Future genome-wide
investigations, including single-cell analyses, are expected to continue to improve our
understanding of the role of DNA methylation patterns in development and disease.

The study of PMDs in the human placenta has raised many questions that are pertinent not
only to human reproductive biology, but also tissue development, molecular mechanisms of
transcriptional repression and cancer. Future investigations of genome-wide DNA
methylation in additional human tissues and early cell lineages will be important to
determine whether tissues other than the placenta contain PMDs and which specific cell
types within the heterogeneous placental tissue contain PMDs. Clearly, understanding the
mechanism of how PMDs are gained and lost in specific tissues and developmental stages
will be important in interpreting their functional importance. The development of cell
culture and mutant mouse models that recapitulate the gain and/or loss of PMDs will
therefore be critical to dissecting the molecular pathways regulating PMDs and their
functional consequences. In addition, evolutionary studies with placentas from different
mammalian species, particularly our closest primate relatives, will provide important clues
about when placental PMDs were gained during evolution and how they are relevant to
placental function.

With a greater understanding of the function and importance of the placental epigenetic
landscape, the placenta might one day be seen as a rich source of biomarkers to be collected
from all births, rather than a tissue to be quickly discarded. While transient in its existence,
the human placenta is a large tissue that can be stored, frozen and shared for research and
diagnosis by multiple investigators. With an emerging acceptance of the ‘developmental
origins of adult disease’ hypothesis [59,60], the study of placental tissues may provide
critical clues to multiple common and rare diseases. Since placental tissue is like a time
capsule of environmental exposures in utero, investigations of toxicologic agents, such as
heavy metals, organic pollutants, pesticides and other exposures, could be performed and
integrated with genetic and epigenetic investigations in prospective human studies. Placental
tissue can also reveal early genetic abnormalities that were rescued in the fetus, such as
confined placental mosaicism [61], which may be impacting methylation levels and patterns.
Furthermore, since placental tissue is the major source of fetal DNA identified in maternal
blood, assaying the placental methylome for fetal health may be important in noninvasive
prenatal diagnosis [62]. Perhaps in the future, both the genome and methylome of human
placentas will be sequenced at birth, providing a combined predictive roadmap of disease
risks throughout the individual’s lifespan.
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Box 1

Why partially methylated domains were not discovered sooner: DNA
methylation analysis technologies and their limitations for partially
methylated domain analysis.

For decades, the limited scope of the available technology was the major hindrance to
studying genome-wide DNA methylation. With the advent of DNA methylation arrays
and sequencing, however, the major considerations became coverage, cost and the
amount of DNA available for analysis [63,64]. The most straightforward method to
expand the genome-wide gold standard Sanger bisulfite sequencing protocol is to create a
sequencing library, bisulfite convert and perform whole genome sequencing (called
MethylIC-seq, or sometimes BS-seq, bisulfite-seq or WGSBS) [63,65,66]. However, since
traditional Sanger bisulfite sequencing data usually required coverage of ten or more
clones to obtain a good estimate of the percentage of methylation at individual CpG sites
[8], researchers realized that it would be prohibitively expensive to get that level of
coverage genome-wide using early high-throughput sequencing technologies. Instead,
researchers relied on chromatin immunoprecipitation using antibodies to methylated
cytosine (MeDIP-chip or MeDIP-seq), methylation-sensitive restriction enzymes
(Methyl-seq and MRE-seq), restriction enzymes combined with bisulfite sequencing
(reduced representation bisulfite sequencing), pull-downs using protein domains that bind
to methylated DNA (MBD-seq) and methylation-specific microarrays [63,65-67].
Unfortunately, many of these technologies, such as Methyl-seq, reduced representation of
bisulfite sequencing and early versions of the lllumina (CA, USA) Infinium®
Methylation BeadChips, were either biased toward closely spaced CpG sites or were
specifically designed with a biased targeting of CpG islands and promoters. Thus, little
data were produced over CpG-poor genes and gene deserts where PMDs localize [28].
Methods such as MBD-seq and MeDIP-seq, on the other hand, were poor at detecting
and discriminating intermediate levels of methylation that are observed over PMDs [68].
Although large genomic regions of low methylation (PMDs) had been detected using
technologies such as padlock probes [15] and the Infinium 450k Methylation platform
(Illumina) [28], it has taken the full genomic landscape coverage of MethylC-seq to
uncover the significance and scope of PMDs [8,13,17,19,28]. Fortunately, given
sufficient methylation differences between PMDs and HMDs in the genome, PMD
locations can be detected with fairly low coverage (1-2x) using MethylC-seq, making
PMD analysis experiments more economically feasible for multiple sample comparisons
[13]. However, as technologies such as Illumina Methylation BeadChips platforms
increase the coverage of probes over intergenic regions and gene deserts, array-based
methodologies may become more useful for finding and comparing PMDs.

HMD: Highly methylated domain; PMD: Partially methylated domain.

Box 2

The alphabet soup of DNA methylation: differences between differentially
methylated regions, partially methylated domains, CpG islands, CpG island
shores and Polycomb regions.

DMR

| A term widely used in the literature to denote regions with different
methylation between alleles, tissues, diseased and normal samples, treatment
and control samples and individuals or organisms. There is no implied
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common biological mechanism or common algorithm/parameters used to
define DMRs.

CpG isand

[ ] Although CpG islands have been defined using a variety of algorithms and
thresholds [69-72], in general they are genomic regions greater than 200 bp
in length, with an unusually high CpG content. In humans, CpG islands in
gene promoters tend to have low methylation, except in some cases when the
gene is repressed. CpG islands in gene bodies tend to have higher
methylation. Using the Gardiner—Garden and Frommer algorithm the mean
CpG island length in humans is 764 bp, but they can be as long as 54,000 bp.
There is probably one or more biological mechanisms that cause CpG islands
to be protected at gene promoters during mammalian evolution [73-75].

CpG idand shore

| Often defined as the 1-2 kbs flanking both sides of a CpG island. They can
have methylation levels similar to the CpG island, the surrounding genomic
DNA or in between. Differential methylation within CpG island shores has
been associated with colon cancer [76].

PMD and HMD

[ ] Found in genomes where large portions of the genome have HMDs
interspersed with large domains of PMDs (usually greater than 100 kb in
size). These domains are much larger than typical CpG islands or Polycomb-
regulated regions and probably represent a unique biological phenomenon
[13,28]. To date, only a handful of human cells and tissues have been found
to have PMDs and HMDs.

DMV

[ ] Regions of low methylation that are at least 5 kb in length, some of which
were found in all cell types examined, including human cerebral cortex,
kidney, placenta, natural killer and embryonic stem cells [33].

UMR, LMR and FMR

| In the study by Stadler et al. in mouse ESCs and neuronal progenitors, UMRS
were found to correspond to CpG islands. LMRs were smaller than CpG
islands and had properties indicative of enhancers. FMRs covered the vast
majority of the genome [21].

DMR: Differentially methylated region; DMV: DNA methylation valley; FMR: Fully
methylated region; HMD: Highly methylated domain; LMR: Low-methylated region;
PMD: Partially methylated domain; UMR: Unmethylated region.

Executive summary
Theshort history of partially methylated domains

| Human placenta, fetal lung fibroblasts and some cancer tissues and cell lines
have a unique methylomic feature: large domains of low methylation
(partially methylated domains; PMDs) interspersed with large domains of
high methylation (highly methylated domains; HMDs).
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PMDs cover regions of the human genome that contain fewer genes and CpG
islands and have therefore been overlooked in genome-wide studies focused
on CpG islands and gene promoters.

PMDs contain tissue-specific and developmentally regulated genes that are in
a repressed chromatin state. Genes in PMDs in one tissue may be in an HMD
and expressed in another tissue.

PMDs may be unique to the placenta because of the distinct cell lineage of
trophoblast cells from early embryonic tissues. Alternatively, PMDs could be
an undiscovered transient state in many developing human tissues.

It is still an open question whether PMDs are a side effect of chromatin
inaccessibility or are an active part of a mechanism for gene repression.

Genes that are in placenta-specific HMDs are involved in placenta
development, pregnancy and immune response. More studies will be needed
to determine which of the many cell types in the placenta contain PMDs.

While hypomethylation of placenta is observed in mice, it is not currently
clear whether the landscape of PMDs and HMDs is conserved across
placental mammals given the diversity of placental types.

Since trophoblast cells in the placenta are tumor-like in their invasive
properties, it may not be surprising that the epigenomic landscape of cancer
resembles that of the placenta, including promoter hypermethylation and
global hypomethylation.

PMDs in human placental tissue could be useful for identifying epigenetic
biomarkers relevant for human disease.

Future studies will be required to address many outstanding questions that are
raised by the presence of PMDs in the placenta, including developmental,
evolutionary and mechanistic investigations.
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Figure 1. DNA methylation patternsin mammals.

(A) Low methylation over active gene promoters and promoter CpG islands. It is still
uncertain what causes low methylation over CpG islands; (B) low methylation over
Polycomb-regulated genes in tissues where the gene is repressed; (C) low methylation in
PMDs where genes are typically repressed.

HMD: Highly methylated domain; PMD: Partially methylated domain.
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