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A hallmark of imprinted genes in mammals is the occurrence of
parent-of-origin-dependent asymmetry of DNA cytosine methylation (5MC) of
alleles at CpG islands (CGls) in their promoter regions. This 5MCpG asymmetry
between the parental alleles creates allele-specific imprinted differentially methylated
regions (iDMRs). iDMRs are often coupled to the transcriptional repression of the
methylated allele and the activation of the unmethylated allele in a tissue-specific,
developmental-stage-specific and/or isoform-specific fashion. iIDMRs function as
regulatory platforms, built through the recruitment of chemical modifications to histones
to achieve differential, parent-of-origin-dependent chromatin segmentation states.
Here, we used a comparative computational data mining approach to identify 125
novel constitutive candidate iDMRs that integrate the maximal number of allele-specific
methylation region records overlapping CGls in human methylomes. Twenty-nine
candidate iDMRs display gametic 5MCpG asymmetry, and another 96 are candidate
secondary iDMRs. We established the maternal origin of the 5MCpG imprints of
one gametic (PARD6G-AST) and one secondary (GCSAML) iDMRs. We also found
a constitutively hemimethylated, nonimprinted domain at the PWWP2AP1T promoter
CGlI with oocyte-derived methylation asymmetry. Given that the 5MCpG level at the
iDMRs is not a sufficient criterion to predict active or silent locus states and that
iDMRs can regulate genes from a distance of more than 1 Mb, we used RNA-Seq
experiments from the Genotype-Tissue Expression project and public archives to
assess the transcriptional expression profiles of SNPs across 4.6 Mb spans around the
novel maternal iDMRs. We showed that PARDEG-AST and GCSAML are expressed
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biallelically in multiple tissues. We found evidence of tissue-specific monoallelic
expression of ZNF124 and OR2L 13, located 363 kb upstream and 419 kb downstream,
respectively, of the GCSAML iDMR. We hypothesize that the GCSAML iDMR regulates
the tissue-specific, monoallelic expression of ZNF124 but not of OR2L13. We annotated
the non-coding epigenomic marks in the two maternal iDMRs using data from the
Roadmap Epigenomics project and showed that the PARD6G-AST and GCSAML iDMRs
achieve contrasting activation and repression chromatin segmentations. Lastly, we found
that the maternal 5MCpG imprints are perturbed in several hematopoietic cancers. We
conclude that the maternal 5™MCpG imprints at PARD6G-AST and GCSAML iDMRs are
decoupled from parent-of-origin transcriptional expression effects in multiple tissues.

Keywords: PARD6G-AS1, GCSAML, GRB10, ZNF124, OR2L13, LOC284240, genomic imprinting, imprinting disease

INTRODUCTION

Genomic imprinting refers to the epigenetic and epigenomic
differentiation of alleles of particular chromosomal loci on
the basis of the parent transmitting them (Barlow and
Bartolomei, 2014). The process of imprinting entails tagging
with chemically stable marks consisting primarily of parent-
of-origin-specific (and, therefore, asymmetrical) 5*CpG DNA
methylation, enrichment with chemically modified histones,
DNA accessibility, and the expression of long non-coding RNAs
(IncRNAs) (Skaar et al., 2012). The trademark of genomic
imprinting is the transcriptional silencing of the same parental
allele in every cell (Chess, 2016). A hallmark of the canonical
imprinted genes in mammals is the asymmetrical arrangement
of parent-of-origin-dependent methylation at carbon 5 of the
cytosine pyrimidine ring in the context of a CpG dinucleotide
sequence (5™CpG) in CpG islands (CGIs) in the encompassed
promoter regions (Yuen et al, 2011; Docherty et al., 2014;
Hannula-Jouppi et al., 2014). The asymmetrical, parental-allele-
specific status of 5"CpG at CGIs enables the construction
of parent-of-origin-dependent regulatory platforms, which are
built through the recruitment of chemical modifications to
histones to achieve chromatin segmentations that impose
differential repressive versus activation statuses on the parental
alleles (Li and Zhang, 2014). Thus, the imprinting of the
transmitted alleles from a subset of genes makes them subject
to monoallelic transcriptional expression in specific tissues or
developmental stages. Parent-of-origin-dependent allele-specific
5MCpG imprints are silencing epigenetic (e.g., heritable) marks
that can be set in the germline or somatically acquired and
conserved through mitotic divisions (Guo et al., 2014; Smith
etal., 2014).

Genomic imprinting occurs in therian mammals (Barlow and
Bartolomei, 2014) and angiosperms (Rodrigues and Zilberman,
2015). The exact repertoire of imprinted genes and the precise
set of cis-acting regulatory elements, which make up the
“imprintome” (Cooper and Constancia, 2010; Skaar et al.,
2012), have not been established. In humans, approximately 150
chromosomal loci are known to be imprinted (Morison et al.,
2005; Zhang et al.,, 2010; Jirtle and Murphy, 2012; Da Silva-
Santiago et al., 2014; Wei et al., 2014; Cuellar Partida et al,,
2017), although no unified, updated information repository is

available. Through different imputation strategies, a predicted
(candidate) imprinting status has been assigned to over 200
other loci (Luedi et al., 2007; Wei et al., 2014). Dysregulation
of the epigenetic marks or mutations of the imprinted loci or
domains is associated with 12 congenital diseases (Soellner et al.,
2017).

Within the past 5 years, the reanalysis of big-data resource
depositories of deep sequencing (methylomes, RNA-Seq and
ChIP-Seq) from different tissues in a multitude of individuals
or single cells at various developmental stages has substantially
increased our ability to discover and characterize imprinted
genes. The most informative epigenetic features currently used
to detect imprinted loci are the following: (i) the occurrence
of allelically methylated regions (AMRs) or genomic intervals
exhibiting allele-specific (or allelically skewed) methylation
(ASM) at CGIs (Fang et al,, 2012; Song et al., 2013; Marzi
et al.,, 2016); (ii) allele-specific expression (ASE) ratios across
heterozygous SNPs (Babak et al., 2015; Baran et al., 2015); (iii)
asymmetrical allele-specific enrichment of histone modifications
associated with activation or repression states at the allele-specific
candidate imprinted differentially methylated regions (iDMRs)
(Savol et al, 2017); (iv) dysregulation of the intermediate
methylation states at candidate iDMRs in diseased versus healthy
tissues (Choufani et al.,, 2011; Docherty et al.,, 2014; Hannula-
Jouppi et al.,, 2014; Maeda et al.,, 2014; Kagami et al.,, 2017);
and, most recently, (v) cis methylation quantitative trait loci
(cis-meQTLs) that exhibit parent-of-origin effects (POEs), with
a physical distance ranging from 0.01 to 743kb between the
effector SNP and the affected 5™ CpG site (Cuellar Partida et al.,
2017).

Herein, through a comparative computational data mining
approach, we report the identification of 125 novel candidate
iDMRs in the human genome that integrated the maximal
number of AMR records overlapping CGIs in methylomes from
several tissues. We show that 29 candidate iDMRs display
germline (gametic, primary) 5 CpG asymmetry, whereas 96 are
candidate somatic (secondary) iDMRs. We revealed that the
maternally inherited 5™ CpG imprints for one gametic (PARD6G-
ASI) and one somatic (GCSAML) iDMR are decoupled from
POEs on the expression of the parental alleles. Lastly, we show
that the oocyte-derived 5™CpG imprints are dysregulated in
hematopoietic cancers.

Frontiers in Genetics | www.frontiersin.org

March 2018 | Volume 9 | Article 36


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

de S& Machado Aradjo et al.

Decoupled Maternal 5™CpG Imprints

MATERIALS AND METHODS

Subjects

Out of 100 trios from the Northern Region of the State of Rio
de Janeiro, we included five nuclear families (mother, father, and
son or daughter; median ages: 42, 50, and 19 years, respectively)
whose genomic DNA (gDNA) had been genotyped as informative
for the appropriate SNPs of the target genes. The investigators
were blinded to the identities and scores of all trios throughout
the genotyping process.

DNA Extraction

Human gDNA from freshly drawn peripheral blood samples
(2mL) was extracted using a commercial illustra blood
genomicPrep Mini Spin Kit (GE Healthcare, Little Chalfont,
UK), essentially as reported earlier (Machado et al., 2014).
gDNA was quantified using an ND-NDL-PR NanoDrop
Lite Spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA) and kept frozen at —20°C until used. For
genotyping, aliquots of 10 ng of gDNA were used in each PCR
reaction.

Identification of Candidate iDMRs

To identify novel candidate iDMRs, we employed an integrative
data mining strategy based on the detection of AMRs, that is,
chromosomal regions where the paternal allele is differentially
methylated compared with the maternal allele (Fang et al,
2012; Song et al, 2013) and that overlap CGIs in whole-
genome methylomes determined by bisulfite sequencing (BS-
Seq) experiments. The strategy entailed extracting all fields
(whole genome, hgl9 assembly) from track data hubs (Raney
etal., 2014) for CGIs that have any overlap with the coordinates of
the AMR records reported in 39 BS-Seq methylome repositories
having a bisulfite conversion rate of at least 0.95 and a minimum
depth of 10 reads per CpG site (Dataset SIA: 39 BS-Seq
methylomes). For this task, we used the UCSC Genome Browser
Data Integrator web tool (Hinrichs et al., 2016), freely available at
UCSC Genome Browser (Kent et al., 2002; Raney et al., 2014). We
compared the integration results with the 15,282 AMRs identified
previously in hgl8 (Fang et al., 2012) by annotating them in
hg19 using the UCSC Genome Browser LiftOver coordinate
conversion tool. The output was used to populate a spreadsheet,
and the data were filtered by the number of overlapping AMR
records per CGI (Dataset S1B: Novel candidate iDMRs). As
an investigative inclusion criterion, we accepted only CGIs
that achieved at least 16 overlapping AMR records, which was
the minimal number of overlapping records we observed for
most of the known gametic (n = 20) and secondary (n = 9)
iDMRs (Okae et al., 2014) (Dataset S1C: Known imprinted
DMRs). The selected CGI-bearing AMRs were classified as
candidate gametic or secondary iDMRs (Dataset S1B) on the
basis of asymmetrical hypermethylated versus hypomethylated
statuses in BS-Seq methylomes from human oocytes (Okae et al.,
2014) (customized in the UCSC Genome Browser as described
previously; Alves da Silva et al., 2016) and spermatozoa (Molaro
etal., 2011).

Determination of the Parental Origin of the
5MCpG Methylation Imprints

To validate the intermediate methylation statuses observed
in the candidate iDMRs in public BS-Seq methylomes, we
set up methylation-sensitive restriction enzyme PCR (MSRE-
PCR) triplex assays (Dataset S1D: Primers and MSRE assay)
specific to the candidate iDMRs; these assays were designed
following the rationale described previously (Alves da Silva
et al., 2016). Each test amplifies three loci: (i) An Hpall-
containing X-chromosome-specific monomorphic locus at the
predicted promoter region of the PPP2R3B gene, located
on the pseudoautosomal region PAR1 in females and the
Y chromosome in males. The PPP2R3B promoter region is
unmethylated in healthy and cancerous tissues from males and
females (Figure S1); thus, it is not subject to gender-related
differential methylation or effects of X-chromosome inactivation
in women. PPP2R3B is a gonosomal melanoma tumor suppressor
gene (van Kempen et al., 2016). The amplimer from this
region was used as a positive control for the Hpall restriction
enzyme digestion. (ii) The candidate iDMR, encompassing
at least one Hpall recognition site and an informative SNP.
(iii) A CpG-rich region of the WRB gene, bearing no Hpall
sites, used as a reference control for normalization of the
ratio of restriction-enzyme-resistant 5"CpG sites in the target
candidate iDMR. The methylation statuses were calculated
as the proportion of restriction-enzyme-resistant 5™ CpG sites
using the equation reported previously (Alves da Silva et al.,
2016). We genotyped the methylated alleles of informative
SNPs (Dataset S1D), e.g., the alleles resistant to digestion
with the restriction enzyme, using single-nucleotide primer
extension (SNuPE) and SNaPshot technology (Thermo Fisher
Scientific).

DNA CpG Methylation Changes at

Candidate iDMRs in the Placenta

Although there is widespread interindividual polymorphic
methylation in the gametic maternal iDMRs that are specific
to the human placenta (Hanna et al., 2016), variable maternal
methylation in other tissues has been reported only in the somatic
maternal iDMR of the tumor suppressor ncRNA VTRNA2-1
(Paliwal et al., 2013; Romanelli et al., 2014; Green et al., 2015).
Thus, we annotated the methylation statuses at the selected
PARD6G-AS1, PWWP2API, and GCSAML iDMRs in 90 public
methylome experiments for signs of polymorphic methylation.
The inherent statuses are based on methylation profiling by
the Illumina Infinium HumanMethylation450K BeadChip array
(Hattetal., 2015, 2016; Hanna et al., 2016). As a quality assurance
control, we excluded from the analysis all unspecific cross-
reactive probes, probes with p > 0.01, and probes varying among
replicates (Chen et al., 2013). The placenta dataset comprises
samples from healthy controls (n = 52); cases of preeclampsia
(n = 8); and cases of trisomy 13 (Patau syndrome) (n = 6), 18
(Edwards syndrome) (n = 12) and 21 (Down syndrome) (n = 12)
(Dataset S1E: Placenta GEO entries). We also included BS-Seq
methylomes from three normal placentas (Dataset S1E). We
customized tracks at the UCSC Genome Browser and extracted
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the 5™CpG levels to measure the mean values and standard
deviation across the corresponding chromosomal regions.

DNA CpG Methylation Changes at the
Candidate iDMRs in BS-Seq Methylomes

From Cancer

Given that aberrant methylation associated with iDMRs is
reported in cancer (Barrow et al, 2015), we annotated the
variations in the methylation statuses of the candidate iDMRs
exhibited in BS-Seq methylomes from hematopoietic cancers
in the BLUEPRINT project (August 2016 data release) (Adams
etal., 2012) (Dataset S1F: BLUEPRINT malignancies), compared
with the intermediate methylation status typically observed
in BS-Seq methylomes from healthy tissues. We restricted
the analysis to hematopoietic cancers because the GCSAML
candidate imprinted gene encodes a putative signaling protein
associated with the sites of proliferation and differentiation of
mature B lymphocytes (NCBI Resource Coordinators, 2017).
The BLUEPRINT project was initially designed to decode
the epigenetic signatures of healthy blood and hematopoietic
malignancies. The project included samples from bone marrow
(acute lymphocytic leukemia, acute myeloid leukemia, acute
promyelocytic leukemia, and multiple myeloma) and venous
blood (acute lymphocytic leukemia, acute myeloid leukemia,
chronic lymphocytic leukemia, mantle cell lymphoma, and T-
cell prolymphocytic leukemia). We viewed the target regions
using the track hub available at the UCSC Genome Browser
(Raney et al., 2014), with the hg38 chromosomal coordinates.
We extracted the values of the 5™CpG calls, determined the
average methylation level across the CpG sites that span the
corresponding physical region in healthy tissues, and normalized
the data by excluding the CpG sites with no data.

Assessment of Transcriptional

Allele-Specific Expression

For the genes within 2.3 Mb of the candidate iDMRs in either
direction, we queried RNA-Seq experiments for signs of ASE
across SNPs in dbSNP (Sherry et al, 2001) having global
minor allele frequency (MAF) > 0.1 as reported by the 1,000
Genome Project (Sudmant et al., 2015). We used both secondary
(pre-processed) and primary (unprocessed) sources of RNA-Seq
experiments.

Secondary Source of RNA-Seq

Experiments

The secondary source comprised the free track hubs for the
Genotype-Tissue Expression (GTEx) project (data release V6,
October 2015) (The GTEx Project, 2015), available from the
UCSC Genome Browser and the dbGaP Data Browser. The
GTEx track hubs, as designed and provided by the Lappalainen
lab at the New York Genome Center, part of the GTEx
Analysis Working Group (Castel et al., 2015), enable users
to access the supporting tables. The GTEx track hubs report
ASE measurement values at imputed heterozygous variants
identified from transcriptome and genotype data collected from
51 primary tissues in RNA-Seq experiments (8,555 samples

from 570 postmortem donors) (Dataset S2A: GTEx sample info
V7). The ASE measurement values provided by GTEx refer to
the median difference in the number of RNA-Seq read counts
between the two alleles in an imputed heterozygous SNP across
donors, with a depth >8 reads per site per donor. ASE is
calculated as [0.5-Ref_allele_read count/(Ref_allele_read count
+ Alt_allele_read count)] (Castel et al., 2015). We used the
UCSC Data Integrator web tool to extract the information about
the physical coordinates’ overlapping gene names; minimum,
median, maximum, and quartiles (Q1 and Q3) for ASE values;
number of donors; and read depth at SNPs present in the target
genes. Because the ancestral allele of an SNP can occur in the
context sequence of a different locus, we filtered out such SNPs
from the downstream processing using a Short Match script in
R-codes. We note that <5% of all SNP sites across the genome
are excluded this way. The expression data were classified per
gene locus using a script in R-codes that sorts the evidence into
four mutually exclusive ASE categories. The ASE categories and
their parameters were as follows: strictly monoallelic (minimal,
maximal and Q1 ASE values = 0.5); consistent with monoallelic
(minimal ASE values < 0.5, Q1 and maximal ASE values > 0.33);
strictly biallelic (minimal, maximal and Q1 ASE values = 0),
and consistent with biallelic (minimal ASE values < 0.5, Q1
ASE values < 0.33, and maximal ASE values > 0). The R script
was validated using the corresponding data for a reference gene
set consisting of the 40 known imprinted genes reported by
the GTEx Analysis Working Group (Dataset S2B: 40 known
imprinted genes) (Babak et al.,, 2015; Baran et al., 2015), also
accessible from the GTEx portal. For the final expression profile
designation (on a per-gene and per-tissue basis), we called only
the genes with at least three non-discordant informative SNPs per
tissue, and a depth >12 reads per SNP.

Primary Source of RNA-Seq Experiments
The primary source consisted of 2,164 RNA-Seq experiments
(Dataset S2C: 2,164 SRA experiment atlas), representing an atlas
of 25 tissues, selected from the NCBI RNA sequence read archive
(SRA) public data repositories. The unicity (e.g., the certainty
of excluding mixed samples and disease tissues) of each SRA
experiment was established by querying SNPs in SNURF, HI9,
and PLAGLI, known imprinted genes expressed monoallelically
in multiple tissues (Dataset S1D) using the NCBI SRA search
web tool, essentially as reported (Alves da Silva et al., 2016).
The query sequence strings were 29 nt in length, and the
alleles were represented by the International Union of Pure
and Applied Chemistry (IUPAC) substitution codes. The unicity
inclusion criteria were as follows: (i) ASE > 0.42 (consistent with
monoallelic expression), (ii) occurrence of allele flip (both alleles
observed monoallelically in individual tissues) and (iii) absence
of strictly biallelic patterns.

Assessment of Histone Modification

Enrichment

To compile evidence about the likely involvement of the
candidate iDMR in the regulation of imprinting, we examined the
enrichment of histone modifications associated with activation
or repression chromatin states, including promoter and enhancer
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functions and DNA accessibility (e.g., inter-nucleosome DNase-
hypersensitive site distribution). We used the Grid Visualization
web resource (available at the Roadmap Epigenomics Browser
from the NIH Roadmap Epigenomics Mapping Consortium
Bernstein et al., 2010; Roadmap Epigenomics Consortium et al.,
2015) and the WashU Epigenome Browser (Zhou et al., 2011)
to analyze uniformly processed datasets. We also annotated the
non-coding genome in the candidate iDMRs by computationally
exploring integrative large-scale functional- and comparative-
genomics datasets on gene expression (RNA-Seq, cDNA
mapping, active transcriptional start site (TSS) mapping, 5'-cap
mapping) using the FANTOM ZENBU Browser (Severin et al.,
2014). In summary, we analyzed secondary data from chromatin
immunoprecipitation and DNA sequencing (ChIP-Seq) of 31
histone modification marks in 22 healthy human somatic tissues
and cell lines (Dataset S1G: Roadmap Epigenomics samples). We
extracted both the observed (Roadmap Epigenomics Consortium
et al, 2015) and the imputed data points (Ernst and Kellis,
2015) for histone modifications across the candidate iDMRs from
every tissue experiment and plotted them using the software
GraphPad Prism. The chromosomal segmentation enrichment
was compared at five constitutive oocyte-derived iDMRs (GRB10,
INPP5F, ZNF331, KCNQI, MEST) and three secondary maternal
iDMRs (MAGEL2, NDN, MEGS8) (Dataset S1H: iDMR reference
set). The GRBI0 iDMR was included as it regulates monoallelic
expression from the paternal or maternal allele in a tissue- and
isoform-specific fashion (Blagitko et al., 2000; Yoshihashi et al.,
2000; Hitchins et al., 2001; McCann et al., 2001; Mergenthaler
et al., 2001; Monk et al., 2009).

Genotype-Phenotype Associations

We queried the PheGenI (Ramos et al., 2014), e-GRASP (Karim
et al,, 2016), PhenoScanner (Staley et al., 2016), and HaploReg
v4.1 (Ward and Kellis, 2016) web database tools to cross-
reference SNPs at the PARD6G-ASI, PWWP2API, and GCSAML
candidate iDMRs (Dataset S3A: iDMR SNP lookup) with a broad
range of phenotypes from large-scale genome-wide association
studies (GWAS) to gain insights into possible disease-associated
loci and to assign chromatin states to the lead variants. We set
the p and r? cut-off values at 5 x 1078 and 0.8, respectively, and
requested results for 1,000 Genomes SNP proxies at significant
gametic disequilibrium. We ran the SNP variants within the
GRBI10iDMR (Dataset S3A) as a control set of SNPs that did not
cross-reference with disease phenotypes in the above databases.

RESULTS

Novel Candidate iDMRs

To identify novel candidate iDMRs, we integrated AMR records
that overlap annotated CGIs from 39 BS-Seq methylomes,
including 26 primary (uncultured) healthy tissues and 13 cell
types and cell lines (Dataset S1A). We limited the analysis to
the autosomes because evidence of 5™CpG imprinted marks
on the X chromosome in women is only now beginning to
emerge. We further restricted the screening to CGIs overlapping
AMR records in at least 16 methylomes, which was the minimal
number of records observed in 29 out of 67 known iDMRs

(Okae et al,, 2014; Dataset SIC). The analysis yielded 480
CGls, 168 of which consistently exhibited methylation levels
ranging from 0.35 to 0.65 at the overlapping CpG sites in
the esophagus tissue methylome, as the reference methylome
because every chosen CGI has at least one AMR record in
that tissue methylome (Dataset S1B). The distribution of the
168 CGI-bearing AMRs per autosome is shown in Figure 1.
Chromosomes 6 through 9 had no hits. Chromosome 19 bears
the highest density of hits per megabase. Eleven CGI-bearing
AMRs correspond to known gametic iDMRs (10 maternal
and one paternal), six to known secondary iDMRs (Okae
et al., 2014), and 26 to known candidate iDMRs for which
parent-of-origin-specific methylation is uncertain (Court et al,,
2013, 2014; Docherty et al., 2014) (Dataset S1B). The 125
remaining CGI-bearing AMRs appear to be new candidate
iDMRs. Of these, 29 exhibit asymmetrical methylation statuses
in the methylomes of oocytes and spermatozoa; thus, they
were classified as candidate gametic iDMRs (18 maternal
and 11 paternal). Ninety-six are candidate secondary iDMRs
(Dataset S1B).

Because our laboratory is interested in the discovery of
imprinted genes located in the autosomes that are commonly
affected by nondisjunction (Alves da Silva et al., 2016), we
selected two candidate gametic maternal iDMRs—PARD6G-
ASI (par-6 family cell polarity regulator gamma antisense
RNA 1 on chromosome 18; Edwards syndrome) (Figure2)
and PWWP2AP1 (PWWP domain containing 2A pseudogene
1 on chromosome 13; Patau syndrome) (Figure 3)—and the
secondary candidate iDMR in the GCSAML (germinal center
associated signaling and motility like) gene on chromosome 1
(Figure 4), the autosome with the highest number of candidate
iDMR hits (Figure 1). The three candidate iDMRs consistently
exhibited intermediate methylation profiles in somatic tissues
(levels ranging from 0.35 to 0.65 across all CpG sites) but
were hypermethylated (>0.65) in human embryonic stem cell
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FIGURE 1 | Three-dimensional bubble chart display of the density of novel
candidate iDMRs. The diameter of the bubble represents the density of
candidate iDMRs per 10 Mb autosomal region, whereas the position of the
balloon on the y-axis is related to the chromosomal size in Mb. The highest
density of candidate iDMRs is 3.1/Mb on chromosome 19.
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FIGURE 2 | Primary intermediate methylation status at the PARD6G-AS1 predicted promoter region. Chromosome 18 ideogram; physical positions and domain
features of the PARD6G-AS1 locus depicting the methylation status at the CpG sites (golden ticks) across a 40 kb long-span view (hg19;
chr18:77886816-77926815). The methylation levels are represented on a scale from 0 to 1 (hypomethylated to hypermethylated). The image is centered on the CGlI
localized in the PARD6G-AS1 predicted promoter region, labeled “PARDEG-AST CGI-1.” The light green ticks represent the positions of the CpG sites. The
methylation level across the PARD6G-AST CGl ranges from 0.35 to 0.65 in adult somatic tissues. In the same region, there is asymmetrical methylation in gametes
(hypermethylation in oocytes and hypomethylation in spermatozoa). The PARD6G-AS1 gene partly overlaps the downstream PARD6G gene locus, which is
transcribed in the opposite direction from the minus DNA strand. The annotated features are (from top to bottom) the exon-intron organization of the principal and
alternative PARD6G-AST and PARD6G splice isoforms (variants 1 and 2 in shades of dark blue) and the species-conserved PARD6G-AST and PARDGG principal
isoform transcripts (ENSTO0000586421 and ENST0O0000353265, respectively, in brown) (Rodriguez et al., 2013).

(hESC)-derived CD56% ectoderm and mesoderm and CD184™
endoderm cell cultures (Figure 5).

We validated the intermediate methylation profiles observed
in public methylomes in the selected candidate iDMRs using
gDNA from venous blood by DMR-specific MSRE-PCR triplex
assays (Figure S2).

We next cross-referenced the physical coordinates of the
candidate iDMRs with the overlapping domains in public
methylomes of control versus diseased specimens. We found
that all three candidate iDMRs had been predicted to be
differentially methylated in a maternally dependent manner
in the placenta (Hamada et al, 2016; Sanchez-Delgado
et al., 2016a), but the parental origin of the methylated
alleles had not been established (Figures 6A-C). We observed
that the PARD6G-ASI DMR domain is hypomethylated in
three imprinted diseases—Beckwith-Wiedemann syndrome,
transient neonatal diabetes (Docherty et al, 2014), and
pseudohypoparathyroidism in patients with GNAS cluster
imprinting defects (Rochtus et al, 2016)—compared with
matched control subjects (Figure 6A). Moreover, we revealed
that the GCSAML DMR is differentially hypermethylated in
patients with Klinefelter syndrome (47,XXY) compared with
matched males but not females (Viana et al., 2014; Wan et al,,
2015; Figure 6C).

We also searched for evidence of haplotype-dependent
allele-specific 5™CpG sites within the selected candidate

iDMRs by integrating the corresponding records
reported in methylomes (Do et al, 2016). Within the
PARD6G-AS]  candidate iDMR, we noted evidence
of haplotype-dependent allele-specific 5™CpG sites in
placenta, liver, lung, brain and T cells methylomes
(Figure 6A).

The 5MCpG Sites at the PARD6G-AS1 and
GCSAML DMRs Are Maternally Inherited

The methylation statuses of the transmitted alleles were
determined by genotyping the methylation-sensitive Hpall-
resistant alleles amplified from venous blood gDNA samples
from nuclear trios (mother, father, and son or daughter)
informative for SNPs within the candidate iDMRs for the
PARD6G-AS1 (upstream gene indel variant rs11281142:
-/CTGTGGTGC), PWWP2API (rs1176323), and GCSAML
(intron variant, upstream gene variant rs6700954) loci
(Dataset S1ID). The 5™CpG sites at the PARD6G-ASI
(Figure 7A) and GCSAML (Figure 7B) DMRs are maternally
inherited. By contrast, at the PWWP2API candidate iDMR,
both parental alleles are methylated (Figure7C). Given the
asymmetrical methylation statuses observed in the BS-Seq
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annotated features (from top to bottom) are as in Figure 2.

FIGURE 3 | Primary intermediate methylation status at the PWWP2AP1 processed pseudogene. Chromosome 13 ideogram; physical positions and domain features
of the PWWP2APT locus showing the methylation status at the CpG sites (golden ticks) across a 40 kb long-span view (hg19; chr13:81210960-81250959). The
methylation levels are represented on a scale from 0 to 1 (hypomethylated to hypermethylated). The image is centered on the CGl localized in the PWWP2AP1

The light green ticks represent the positions of the CpG sites. The methylation across the CpG sites
within the PWWP2AP1 candidate iDMR ranges from 0.35 to 0.65 in adult somatic tissues. In the same region, however, there is asymmetrical methylation in gametes
(hypermethylation in cocytes and hypomethylation in spermatozoa). The GENCODE ENST00000429776.2 transcript for the PWWP2APT locus is shown. The
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methylomes of oocytes and spermatozoa at the PARD6G-ASI
iDMR (Figure2), we inferred that the 5™CpG imprints
are primary (e.g., oocyte-derived). Thus, we classified this
domain as a gametic maternal iDMR. On the other hand,
the 5™CpG imprints at the GCSAML iDMR are not oocyte-
derived but somatically acquired) (Figure4), making the
domain a secondary maternal iDMR. The primary versus
secondary designations above are concordant with the
emerging view that, in blastocysts, the primary iDMRs
(Figures2, 4) exhibit intermediate methylation levels
while the secondary iDMRs are hypomethylated (Okae

et al, 2014; Hamada et al, 2016; Sanchez-Delgado et al,
2016a).

The parent-of-origin-independent methylation at the
PWWP2API candidate iDMR is not consistent with

imprinting, despite the occurrence of the asymmetrical
methylation observed in gametes (Figure3). The biallelic
methylation and the intermediate methylation seen at the
PWWP2AP1I DMR in various BS-Seq somatic methylomes,
including those of blastocysts (Figure3), support the
scenario of random (e.g., switchable) allelic methylation
of this domain. Therefore, the gametic 5"CpG asymmetry
observed at the PWWP2API promoter CGI is not maintained
in the somatic tissues investigated. The PWWP2API
CGI appears to be the first example of a constitutively
hemimethylated, nonimprinted domain that is hemimethylated
in blastocysts.

The Maternal 5™CpG Sites Are Not

Polymorphic in the Placenta

The methylation statuses at the PARD6G-ASI and GCSAML
iDMRs in BS-Seq and 450K array placenta methylomes were
coherent with the intermediate statuses observed in methylomes
from diverse tissues (Figure8). Overall, the intermediate
methylation level was undisturbed in normal, preeclampsia,
and trisomy 13, 18, and 21 placentas. However, we noted
hypomethylation (observed lower limit 0.26) for the PARD6G-
AS1 iDMR in some samples from trisomy 18 (Figure 8A).
The hypomethylated status of some but not all trisomy 18
placentas suggests a paternal origin of the nondisjunction of
the supernumerary chromosome 18 in some placentas (e.g.,
two unmethylated paternal allele copies versus one maternal
methylated allele; expected methylation rate < 0.33). We
reported a similar nondisjunction parent-of-origin effect for the
known maternal gametic iDMR in the WRB gene in chromosome
21 in cases of paternal trisomy 21 (Alves da Silva et al., 2016).
Interestingly, the methylation level in the WRB iDMR appears to
be perturbed in trisomy 18 placentas (Figure 8D).

5MCpG DNA Methylation Dysregulation in

the Novel iDMRs in Hematopoietic Cancers
The methylation statuses at the PARD6G-ASI and GCSAML
iDMRs were perturbed in the methylomes of hematopoietic
cancers, with both hypo- and hypermethylated profiles observed
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FIGURE 4 | Secondary intermediate methylation status at the GCSAML predicted secondary promoter. Chromosome 1 ideogram; physical positions and domain
features of the GCSAML locus displaying the methylation status at the CpG sites (golden ticks) across a 40 kb long-span view (hg19; chr1:247663350-247703349).
The methylation levels are represented on a scale from 0 to 1 (hypomethylated to hypermethylated). The image is centered on the intronic CGI (GCSAML CGI-1 track)
near the GCSAML predicted secondary promoter-flanking region. The light green ticks represent the positions of the CpG sites. The GCSAML locus overlaps two
other annotated genes (GCSAML-AST and OR2C3). The annotated features (from top to bottom) are as in Figure 2. The methylation level across the CpG sites within
the GCSAML candidate iDMR ranges from 0.35 to 0.65 in adult somatic tissues. In methylomes from male and female gametes and from blastocysts, this region is
hypomethylated.
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FIGURE 5 | Intermediate mean methylation level across the PARD6G-AST, PWWP2AP1, and GCSAML candidate iDMRs. Comparative variation in the average
methylation levels across all 5 CpG sites on the candidate iDMRs in the methylomes of healthy tissues depicted in Figures 2-4. In adult somatic tissues, the overall
mean levels were 0.39 (PARDEG-AST iDMR), 0.42 (PWWP2AP1 iDMR) and 0.42 (GCSAML iDMR). A slightly skewed hypermethylation state (0.70) was observed in
the liver for the PARD6G-AS1 iDMR. The three candidate iDMR regions are consistently hypermethylated in hESC-derived CD56" ectoderm and mesoderm and
hESC-derived CD184% endoderm cell cultures. The light blue zone represents the expected intermediate methylation range (0.35-0.65). Each methylome is
represented by a different color of bar.
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FIGURE 6 | Cross-reference overlaps of the PARD6G-AST, PWWP2AP1, and GCSAML candidate iDMRs with differentially methylated regions reported in
control-disease methylomes and healthy placentas. Customized graphics of the intersections between the candidate IDMRs at PARD6G-AST (A), PWWP2AP1T (B) and
GCSAMIL (C) and the public records reporting parent-of-origin predictions, abnormal methylation profiles, and haplotype-dependent allele-specific 5™ CpG sites. In
each panel, the annotated features are (from top to bottom) the exon-intron organization of the principal and alternative isoforms, the evidence of large intergenic
non-coding RNAs (lincRNAs) and small non-coding RNAs (sncRNAs) (DASHR RNA [pos] and [neg] tracks), the FANTOM5 transcriptional start sites (TSS peaks track)
(Lizio et al., 2017), the Ensembl Regulatory Build predicted promoters (Ensembl Reg Build track) and transcriptional factor binding sites (TFBS summary track)
(Cunningham et al., 2015), CpG islands and CGl-bearing AMRSs (this study) and the comparative custom Fang_AMR track (Fang et al., 2012). (A) The PARD6G-AS1
CGI-1 overlaps the domain previously predicted to be differentially methylated in a parent-of-origin-dependent manner in blastocysts and placenta (Okae et al., 2014;
Hamada et al., 2016; Sanchez-Delgado et al., 2016a) (Hamada_DMRs, Sanchez_DMRs_set:l, and Sanchez_DMRs_set:|l tracks, respectively), for which the parental
origin of the methylated alleles had not been established. The allelic methylation levels in the aforementioned regions are maternally skewed, varying from 0.69 in first-
and second-trimester to 0.82 in full-term placentas (Hamada_1st_trim and Hamada_2nd_trim_full tracks). The PARD6G-AST CGI-1 also intersects with the domains
reported to be hypomethylated in patients with Beckwith-Wiedemann syndrome and transient neonatal diabetes (Docherty et al., 2014) (Docherty_DMRs track) and in
pseudohypoparathyroidism patients with GNAS cluster imprinting defects (Rochtus et al., 2016) (Rochtus_DMRs track), as well as with the haplotype-dependent
allele-specific 5™CpG sites reported in placenta, liver, lung, brain and T cells (Do_Hap:ASM track) (Do et al., 2016). The genes that are known to be biallelically
expressed in placenta (Hamada et al., 2016) are depicted in the Hamada_biallelic track. (B) The PWWP2AP1T CGl-1 overlaps the domain previously predicted to be
differentially methylated in a parent-of-origin-dependent manner in blastocysts and placenta (Hamada et al., 2016; Sanchez-Delgado et al., 2016a) (Hamada_DMRs,
and Sanchez_DMRs_set:ll tracks, respectively), for which the parental origin of the methylated alleles had not been established. The methylation levels in the
aforementioned regions varied from 0.38 in first- and second-trimester placentas to 0.24 in full-term placentas (Hamada_1st_trim and Hamada_2nd_trim_full tracks).
(Continued)
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males (Viana et al., 2014; Wan et al.,

FIGURE 6 | (C) The GCSAML CGI-1 overlaps the domain reported to be skewed toward hypermethylation in Klinefelter syndrome (47,XXY karyotype) versus control
2015) (Viana-hyperDMR-in-KS and Wan-hyperDMR-in-KS), for which the parental origin of the allele methylation had not been

the intermediate rate of methylation in PWWP2AP1 CGlI-1 (see Figure 5), the
occurrence of 5MCpG sites in both parental alleles indicates that the
PWWP2AP1 CGI-1 alleles are methylated in a stochastic fashion.

in different types of malignancies (Figure9). Similar patterns
of dysregulation were found in the known PPIEL and DIRAS3
iDMRs located on the same or different chromosomes than
the novel PARD6G-ASI and GCSAML iDMRs, respectively
(Figure9). Thus, the new PARD6G-ASI and GCSAML
imprinted loci undergo cancer-associated epigenetic changes in
hematopoietic malignancies.

The 5™CpG Epigenetic Imprints Are
Decoupled From Parent-of-Origin
Expression Effects in Multiple Human

Tissues

Given that an iDMR can control the parent-of-origin-dependent
monoallelic expression of a cluster of genes, we searched for
evidence of ASE of genes located within 2.3 Mb of the PARD6G-
ASI and GCSAML iDMRs in either direction. The 2.3 Mb range

established.
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on the maternally transmitted alleles. The maternally transmitted alleles and Q& < < < € < © <
not the paternally transmitted alleles at the PARD6G-AST (A) and GCSAML
(B) DMRs are consistently methylated, as supported by the resistance of the FIGURE 8 | Absence of epipolymorphism at the PARD6G-AST and GCSAML
maternally inherited alleles to digestion with the methylation-sensitive Hpall maternal IDMRs in placentas from healthy and diseased pregnancies. The new
restriction enzyme and the lack of ampilification of the paternally transmitted maternal IDMRs are consistently hemimethylated in 450 K array (n = 90)
alleles from the digested genomic DNA samples for the informative variant methylomes from healthy; preeclampsia; and trisomy 13, 18, and 21
SNPs (the PARD6G-AST upstream gene indel variant rs11281142 placentas. Comparison of the observed methylation levels in (A) the
(I = insertion of CTGTGGTGC; D = deletion of CTGTGGTGC) and the PARD6G-AST iDMR, (B) the PWWP2AP1 DMR, (C) the GCSAML iDMR, and
GCSAML intron variant/upstream gene variant rs6700954, respectively) in (D) the WRB iDMR. Note that none of the conditions led to an unmethylated or
three representative nuclear families that were informative for at least one SNP. hypermethylated status at the iDMRs. The hypomethylated status at the
Therefore, the 5™CpG marks in the PARD6G-AST and GCSAML DMRs are PARD6G-AST iDMR in some but not all trisomy 18 placentas suggests a
maternal imprints. On the other hand, both parental alleles of the PWWP2AP1T paternal origin of the nondisjunction of the extra copy of chr18 in some
rs1176323 variant are resistant to digestion (C). Thus, the 5™ CpG marks in placentas. The supernumerary chromosome 18 also perturbs the methylation
the PWWP2AP1 CGI-1 occur in a parent-of-origin-independent manner. Given status of the WRB iDMR in chromosome 21.

was selected because it matches the distance between the genes
controlled by the SNURF iDMR (Eggermann et al.,, 2015). It is
worth noting that certain known iDMRs are dissociated from
POEs (Alves da Silva et al., 2016). We used two large sets of
RNA-Seq experiments from 52 primary tissues to search for ASE
across SNPs within 4.6 Mb chromosomal region spans, centered
at the PARD6G-AS1 and GCSAML iDMRs and the PWWP2API
pseudogene. In the secondary GTEx set of RNA-Seq experiments,
we designated a gene expression profile only if the evidence
included at least three non-discordant SNPs with >12 reads
each per tissue. Overall, we observed no signs of monoallelic
expression for PARD6G-ASI or GCSAML and no transcriptional
activity of the PWWP2API pseudogene in either the secondary
(Dataset S2A) or the primary (Dataset S2C) source of RNA-
Seq experiments. PARD6G-ASI was expressed biallelically in
six tissues: brain amygdala (4 SNPs), brain putamen (5 SNPs),
heart atrial appendage (6 SNPs), pituitary (4 SNPs), testis
(3 SNPs) and thyroid (7 SNPs) (Dataset S2D: 4.6 Mb screen
analysis). GCSAML was expressed biallelically in five tissues:
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visceral adipose tissue (omentum) (4 SNPs), brain - cerebellar
hemisphere (6 SNPs), brain cerebellum (4 SNPs), prostate (6
SNPs), and testis (6 SNPs).

In humans, certain iDMRs can control the expression of
genes that are up to 2.3 Mb away in either direction (Eggermann
et al., 2015). Therefore, we searched the GTEx dataset for
signs of monoallelic expression of genes neighboring the novel
iDMRs (Dataset S2D). On chromosome 1, we found evidence
of tissue-specific monoallelic expression of ZNF124 (lung; 5
SNPs) and OR2L13 (testis; 6 SNPs). ZNF124 and OR2L13 are
located 363 kb upstream and 419 kb downstream, respectively, of
the GCSAML iDMR (Dataset S2D). The ZNF124 locus has no
overlapping hemimethylated CGIs in normal tissues, including
lung tissue (Figure S4A). In the placenta (Hamada et al., 2016),
there is evidence of biallelic expression of ZNF124 (Figure S4B,
Dataset S2D).

On the other hand, the OR2L13 locus has a predicted CGI-
bearing AMR overlapping the promoter region (Figure S5A)
in blood, spleen, lung, liver, esophagus, and brain methylomes,
as well as two intergenic DMRs, predicted to be maternal
in the placenta (Figure S5B). Nevertheless, the CGI-bearing
AMR is hypomethylated in gamete, blastocyst, placenta, thymus,
and spinal cord methylomes and hypermethylated in hESC-
derived CD56™ ectoderm and mesoderm and in hESC-derived
CD184" endoderm cell cultures (Figure S5A). Unfortunately,
there are no BS-Seq or 450 K methylomes available from testis
tissue; thus, we cannot establish the methylation status in that
tissue.

On chromosome 18, we found evidence of pituitary-specific
expression of the RP11-567M16.1-LOC284240 locus (8 SNPs)
(Dataset S2D). The RP11-567M16.1-LOC284240 locus encodes

a lincRNA. At loci 18.6 and 4.9kb upstream, we annotated
two predicted paternal DMRs, neither of which exhibited
a constitutively or a tissue-specific hemimethylated profile
(Figure S6). Because no BS-Seq or 450K methylomes are
available for the pituitary, we cannot rule out the possibility of a
pituitary-specific iDMR. Importantly, a CGI (LOC284240 CGI-
2) located 3.2kb upstream from the LOC284240 locus shows
an intermediate methylation status with paternal, rather than
maternal, methylation asymmetry in gametes (Figure S7) in
BS-Seq methylomes from various tissues. The hemimethylated
status at LOC284240 CGI-2 is not constitutive because CGI-2
is hypermethylated in spleen, liver, thymus, and hESC-derived
cells (Figure S7). Querying the primary RNA-Seq experiments
from lung (ZNF124), testis (OR2L13) and pituitary (LOC284240)
tissues yielded >10 reads only for the ZNF124 SNPs, with no
evidence of biallelic expression (Dataset S2E).

From the 4.6 Mb screen described above, we selected the
SNPs with MAF >0.1 that exhibited >80 reads in the GTEx
subset (n = 47; Dataset S2F: Heatmap of top SNPs) and queried
them against the primary set of 2,164 RNA-Seq experiments. We
confirmed the evidence of biallelic expression with >20 reads for
46 SNPs, including the four SNPs in PARD6G-AS1 (Dataset S2G:
ASE top biallelic SNPs). The only discordant profile found
was for the SNP rs75287701 in the HSBPILI gene, which
showed monoallelic expression in 10 tissues. The discordance
is apparently due to the low allele G frequency (0.144) in
the general population. Lastly, we observed no evidence of
RNA-Seq expression for the PWWP2API pseudogene in either
the secondary or the primary subset of RNA-Seq experiments.
Nevertheless, the neighboring loci are biallelically expressed in
multiple tissues (Dataset S2D).
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Epigenomic Chromatin Segmentation at
the PARD6G-AS1 and GCSAML iDMRs

Constitutive iDMRs (e.g., those that are stably maintained
through mitosis in many tissues and cell lines) can regulate
ASE of the underlying gene(s) in an isoform-specific and
tissue-specific manner. For example, the oocyte-derived GRB10
intronic iDMR (Arnaud et al,, 2003), depicted in Figure S3,
regulates the imprinting of the paternal and maternal GRBI0
alleles in a highly tissue- and isoform-specific manner (Blagitko
et al., 2000; Yoshihashi et al., 2000; Mergenthaler et al., 2001).
GRBIO is biallelically expressed in multiple tissues (Blagitko
et al., 2000; Monk et al., 2009; Babak et al, 2015; Baran
et al, 2015), including the growth plate cartilage (McCann
et al., 2001), which is the tissue most important for linear
growth. Importantly, there is alternate monoallelic expression
in brain (transcribed from the paternally transmitted allele),
skeletal muscle (from the maternal gamma 1 and gamma
2 isoform alleles) (Blagitko et al., 2000; Yoshihashi et al,
2000), human lymphocyte/rodent somatic hybrid cells (from the
maternal allele) (Yoshihashi et al., 2000), and placental villous
trophoblasts (from the maternal allele) (Monk et al., 2009).
To gain insight into the epigenomic architecture regulating
this class of POEs and to explore the possibility of the
PARD6G-AS1 and GCSAML iDMRs similarly controlling ASE,
we compared the chromatin segmentation enrichment states
achievable by these two constitutive maternal iDMRs through
chemically modified histones. We used data from the integrative
analysis of 111 reference epigenomes (Roadmap Epigenomics
Consortium et al., 2015). We cross-referenced those data with
the combinatorial histone signatures associated with five known
maternal gametic iDMRs (Dataset S1G, Figure 10A) and three
maternal secondary iDMRs (Figure 10B) in tissues where the
corresponding genes are expressed either monoallelically or
biallelically (Babak et al., 2015; Baran et al., 2015; Dataset S2B).
We identified differential enrichment signatures for the iDMRs
of INPP5F, ZNF331, GRB10, KCNQIl, MAGEL2, and MEGS8
in tissues with monoallelic expression (Figure 10). For the
PARD6G-ASI and GCSAML iDMRs, genes for which monoallelic
expression was absent from several tissues, we did not identify a
tissue-specific enrichment signature (Figure 10). The PARD6G-
AS1 iDMR showed a chromatin segmentation enrichment
with the H3K4mel, H3K4me3, and H3K27ac activation marks
(Figure 10). The GCSAML iDMR showed enrichment of the
H3K9me3 repressive mark. For the GRBI0 maternal gametic
iDMR, we observed a brain-specific differential enrichment of
the H3K27ac activation tag (Figure 11), which we propose to be
associated with the differential reading of the 5*CpG imprints in
the brain.

iDMR Genotype-Phenotype Associations

By cross-referencing SNPs in a broad range of phenotypes
from large-scale GWAS repositories, we found the lead variant
rs1050919 in the PARD6G-AS1 iDMR to exert cis methylation
QTL effects 113,318 bp away, on the TXNL4A gene at the
chr18:77793182 hgl9 coordinate cg04727522 probe, in frontal
cortex and caudal pons (genome-wide p-value 3.39 x 107%)

(Dataset S3B: iDMR effect SNPs; and Dataset S3C: Effect and
proxy SNP MAF). We note that H3K4mel, H3K4me3, and
H3K27ac all contribute to the promoter-enhancer chromatin
active state assignment at the lead variant rs1050919 in multiple
tissues (Dataset S3D: rs1050919 chromatin states). We also
found 38 proxies (linkage disequilibrium 72 > 0.8) of two other
lead SNPs (rs56357216 and rs1106086) in the PARD6G-ASI
iDMR exerting the same cis-meQTL effect in temporal cortex
(p < 1.76 x 107%) (Datasets S3B,C). These two lead variants
are associated with an active TSS regulatory chromatin state
in >20 epigenomes (Dataset S3E: rs56357216 chromatin states
and Dataset S3F: rs1106086 chromatin states). On the other
hand, the rs7550918 proxy of the lead variant rs10925069 at
the GCSAML iDMR showed a negative association with platelet
counts (p = 3.00 x 10711 (Dataset S3B). H3K4mel, H3K4me3,
H3K27ac, and H3K%ac contribute to the chromatin active state
assignment at the lead SNP rs10925069 in blood cells and only a
few other tissues (Dataset S3G: rs10925069 chromatin states).

DISCUSSION

We demonstrated the occurrence of maternally inherited 5™ CpG
imprints at the DMRs linked to the non-coding RNA PARD6G-
ASI and the protein-coding GCSAML gene. The 5™ CpG imprints
are oocyte-derived (PARD6G-ASI iDMR) or somatic (GCSAML
iDMR), and their inheritance is dissociated from POEs in at least
10 adult somatic tissues, as determined by RNA-Seq profiles that
were robustly consistent with biallelic expression across multiple
informative SNPs. In the multitissue transcriptomes investigated,
we did not see evidence for monoallelic expression from the
parental alleles at SNPs that are isoform-specific or those that
overlap isoforms or are in overlapping genes. Our study has
a critical limitation regarding the number of informative SNPs
covering the entire set of known or predicted genes included
in each of three 4.6 Mb genomic regions that were screened for
signs of allele expression profiles. The coverage rate of genes
with informative SNPs ranged from 30% (PWWAP2API) to
59% (PARD6G-AS1 and GCSAML) (Dataset S2H: Effective gene
coverage). The limitation derives from the conservative and
stringent criteria used to call the allele transcriptional profiles
of genes. Specifically, we reported only unambiguous evidence
supported by at least three informative SNPs per gene per body
tissue. The findings do not rule out the possibility that, in other
datasets with considerably higher read depths, the encompassed
genes that our analysis found uninformative may exhibit profiles
consistent with monoallelic expression. Moreover, our approach
cannot rule out the possibility of monoallelic expression in tissues
in which the levels of expression are below the limit of detection
of 12 reads per SNP accepted in our experimental design, or in
tissues that are not covered by the atlas set of 2,164 SRA RNA-Seq
experiments. Similarly, we cannot exclude the possibility that the
iDMRs are associated with the expression from the paternal allele
of coding and non-coding genes that are over 2.3 Mb away in
either direction, which is the greatest physical distance between
any known iDMR and the underlying controlled gene(s) (e.g., the
SNRPN/SNURF iDMR) (Eggermann et al., 2015).
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A second significant limitation of the present study is that
the experimental setting does not permit us to assess cell-
specific differences in 5™ CpG methylation levels, RNA-Seq allele
expression, or enrichment of histone modifications within the
same homogeneous cells, which may add considerable noise to
the tissue-specificity analysis reported here. We recognize that
the majority of experiments on 5™ CpG DNA methylation, RNA-
Seq and ChIP histone modifications from public repositories are
conducted with tissue samples (e.g., a heterogeneous mixture
of cell types), which may confound our findings. It is possible,
for example, that a given gene is monoallelically expressed
in a parent-of-origin-dependent manner in just one cell type
(e.g., platelets, lymphocytes or monocytes in peripheral blood)
while the expression profile in whole blood is consistently

biallelic. Moreover, we are aware that metabolic differences
between cultured tissues and tissues collected by biopsy from
living or necropsy donors (e.g., the GTEx study) must be
kept in mind when trying to replicate our results with other
biosamples.

The maternal origin of the 5™CpG imprints at the PARD6G-
ASI gametic iDMR enables a direct interrogation of the
parental origin of the nondisjunction in trisomy 18 index cases
without the need to test gDNA from the progenitors, since the
methylation levels at the iDMR will be differential in cases of
paternally (skewed hypomethylation; <0.33) versus maternally
inherited (skewed hypermethylation; >0.66) supernumerary
chromosome 18. This parent-of-origin-dependent epigenetic
feature of iDMRs was recently explored in the identification of

Frontiers in Genetics | www.frontiersin.org

13

March 2018 | Volume 9 | Article 36


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

de S& Machado Aradjo et al.

Decoupled Maternal 5MCpG Imprints

251

H3K27ac signal

-1000pb | GRB10iDMR

—— Brain B || ]
—— Biood I il
Stem Cell
Muscle
Large intestine
—— smallintestine |||l
—— Esophagus |
—— Stomach -
—— Heart 1 i
— Lung 1 il
—— Pancreas |1
—— Placenta JLI™—-."Il
Connective tissue
—— Epithelium J™—.
—— Liver | il
— vy ="
Kidney
—— Spleen (el
Breast
—— Adipose Tissue | |
— Thymus b
§  — Adrenal Glands H\IMHIIMMIH\‘\
BT i
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GRB10 iDMR; this enrichment is taken to be a differential signature of the active paternal allele in the brain.

the parental origin of trisomy 21 nondisjunction on the basis of
the WRB gametic iDMR (Alves da Silva et al., 2016).

We note that the maternally derived 5™CpG imprints at
the PARD6G-ASI and GCSAML iDMRs displayed concordant
methylation levels in 90 human placentas, with no evidence
for epipolymorphism in 5*CpG DNA methylation level. The
finding is consistent with the rapidly evolving concept that
only placenta-specific maternal iDMRs represent stochastic (e.g.,
switchable) epipolymorphic traits (Yuen et al., 2009; Hamada
et al,, 2016; Hanna et al., 2016; Sanchez-Delgado et al., 2016a).
The epipolymorphism in placenta-specific maternal iDMRs is
interindividual (e.g., across individual placentas), and it is not
associated with distinct profiles generated by sampling different
sections of the same placenta (Yuen et al., 2009).

Regarding other possible biological relevance of the 5™CpG
imprints, we note that significant abnormal hypomethylation
has been reported for individual CpG sites located within
the PARD6G-ASI gametic iDMR in some patients with one
of three imprinted defects. Between 3 and 9 CpG sites are
affected in Beckwith-Wiedemann syndrome (the lowest p = 1.01
x 1071%) and transient neonatal diabetes (4.38 x 10~71)
patients, respectively, compared with matched control subjects
(Docherty et al., 2014), while two encompassing CpG sites
are impacted in pseudohypoparathyroidism patients with GNAS
cluster imprinting defects (Rochtus et al., 2016).

An epigenome-wide association study of aggressive behavior
showed a significant positive relationship (p = 9.0 x 1077,
FDR = 0.18) between the increase in methylation (over the
average intermediate level; mean 0.35, SD = 0.096) in venous

blood at the cg06092953 site (located 135 bp downstream
from the newly validated PARD6G-AS] maternal iDMR) and
the increase in residual aggression scores across the entire
Netherlands Twin Register (van Dongen et al., 2015). Thus,
we hypothesize that heritability influences the aforementioned
epigenetic association with aggression.

Similarly, the methylation status at the cgl8973878 site
(located 179 bp upstream from the non-coding PARDG6G-
ASI maternal iDMR) was recently identified as a cis-meQTL,
significantly affected when the rs11659843 SNP minor allele T
is transmitted from the father (genome-wide p-values of 1.95 x
1077 — 532 x 1072") (Cuellar Partida et al,, 2017). The SNP
exerting the cis-meQTL effect is intronic to the protein-coding
PARD6G gene, and it maps 79,598 bp (hgl9) away from the
PARD6G-ASI maternal iDMR, which evidently does not overlap
the PARD6G gene.

We also note that within the PARD6G-ASI maternal iDMR,
evidence for haplotype-dependent allele-specific 5™ CpG sites
has been reported in several methylomes (Do et al., 2016). We
propose that the epi-haplotypes above occur in a parent-of-
origin-dependent manner and, thus, that they would be useful
in studying susceptibility to complex imprinted genetic diseases
(Sanchez-Delgado et al., 2016b).

We notice that a significant change toward a hypermethylated
status at four CpG sites (B differences ranged from +0.15
to 40.22) within the chromosomal region corresponding to
the GCSAML secondary maternal iDMR has been reported in
postmortem prefrontal cortex in one case of Klinefelter syndrome
(47,XXY karyotype) versus control males (Viana et al., 2014), and

Frontiers in Genetics | www.frontiersin.org

14

March 2018 | Volume 9 | Article 36


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

de S& Machado Aradjo et al.

Decoupled Maternal 5™CpG Imprints

the perturbation was subsequently confirmed in a second study
using venous blood samples from five patients with Klinefelter
syndrome (Wan et al., 2015). The perturbed 5™ CpG sites are
cg05639522, cg18198730, cgl1166453, and cg07313626 (genome-
wide p-values ranged from 3.85 x 107> — 5.07 x 1077). The first
Klinefelter case had comorbid schizophrenia along with a notably
reduced cerebellum mass, and the B difference in methylation
levels between the index case and sex-matched control samples
was 0.16 (p = 1.35 x 107°) (Viana et al., 2014). In both
studies, the difference from female controls was nonsignificant.
Thus, the supernumerary X chromosome in the index patients
may be the direct cause of the disturbance in the imprinted
intermediate methylation at this autosomal locus. It follows that
the epigenetic perturbance may be linked to the development
and evolution of psychotic spectrum conditions, as has been
suggested for differential methylation of the candidate imprinted
GNAL gene with possible maternal effects in the linkage to
psychosis (reviewed in Crespi, 2008). On the other hand, we
showed herein that the supernumerary autosomes 13, 18, and
21 cause significant changes in the asymmetrical methylation
statuses at this iDMR in the placenta.

We hypothesize that the GCSAML maternal iDMR regulates
the lung-specific, monoallelic expression of ZNFI124 from
the paternal allele. Addressing this possibility will require
establishing the parental origin of the expressed allele(s) and
carrying out functional genetics studies to determine the effects
of, for example, permanently perturbing the distant GCSAML
iDMR. ZNF124 encodes a potential transcriptional factor, and
no variants have been flagged in GWAS. ZNF124 is a candidate
gene for the Dandy-Walker complex at 1q44 (Poot et al., 2007).
Interestingly, the reported Dandy-Walker complex propositus
had a 5Mb segmental aneuploidy (spanning the ZNFI124,
GCSAML, and OR2L13 genes) of the 1q44— qter region due
to a paternal t(1;20) (q44;q13.33). Thus, in the scenario of
maternal genomic imprinting, the monoallelic expression of the
predicted paternal allele will be precluded in the haploinsufficient
patient, who would manifest the presumed imprinting defect as a
pathogenic null mutation.

We view the testis-specific monoallelic expression of OR2L13
as indicative of allele exclusion rather than genomic imprinting
coupled to the distant GCSAML iDMR. The reasons are as
follows: the OR2L13 gene encodes an olfactory receptor, and
the monoallelic expression of olfactory receptors is mediated by
epigenetic mechanisms leading to allelic exclusion (Monahan and
Lomvardas, 2015). It is worth noting that the abovementioned
5Mb segmental aneuploidy of the 1q44—qter region also
encompasses the cluster of olfactory receptor genes that includes
OR2L13 (Poot et al., 2007).

To date, the placenta is the only confirmed source of tissue-
specific iDMRs (Hanna et al., 2016). The candidate LOC284240
paternal iDMR occurs in the skin, lung, fetal brain cortex, fetal
spinal cord, and placenta; therefore, it exemplifies a new variable
type of iDMR. We propose that the observed pituitary-specific
monoallelic expression of the RP11-567M16.1-LOC284240 locus
is coupled to the novel candidate paternal iDMR represented
by LOC284240 CGI-2, rather than to the distant PARD6G-ASI
maternal iDMR.

Finally, we view as unusual the finding that the maternal
secondary GCSAML iDMR is not associated with a primary
iDMR within a 4.6 Mb genomic span. Canonical secondary
iDMRs are found most frequently near functional gametic
iDMRs. For example, in the case of the gametic IG-DMR and
the secondary MEG3-DMR (15.9kb apart), there is evidence of
hierarchical regulation of imprinting in 14q32. The IG-DMR
regulates the methylation state of the MEG3-DMR, but not
vice versa (Beygo et al., 2015). Although our analysis does not
rule out the possibility of the occurrence of a primary iDMR
beyond the 2.3 Mb limits in either direction, it appears that
the GCSAML iDMR is the second example in humans of a
secondary iDMR that lacks a primary iDMR. The first reported
iDMR lacking a known constitutive, primary iDMR was the
maternal ZDBF2 iDMR (Kobayashi et al., 2013). In contrast to
the GCSAML iDMR, the orphan ZDBF2 iDMR regulates the
monoallelic expression of the ZDBF2 gene in at least 46 tissues
(Dataset S2B; Baran et al., 2015).

CONCLUDING REMARKS

We identified 125 constitutively hemimethylated domains in the
human genome. Twenty-nine domains displayed asymmetrical
5MCpG imprints in gametes, including 18 oocyte-derived
and 11 spermatozoon-derived epigenetic marks, and those 29
domains were classified as candidate gametic (primary) iDMRs.
The remaining 96 hemimethylated domains were classified
as candidate secondary iDMRs. We established the maternal
inheritance of the 5" CpG constitutive imprints at the PARD6G-
AS1 and GCSAML iDMRs and their disassociation from POEs
in the allelic transcriptional expression profiles across a 4.6 Mb
domain around each iDMR in multiple human primary tissues.
Our results also revealed the occurrence of a constitutively
hemimethylated, nonimprinted domain at PWWP2API CGI-
1 with oocyte-derived methylation asymmetry. The maternally
inherited 5™CpG imprints at the PARD6G-ASI and GCSAML
iDMRs are perturbed in hematopoietic cancers.
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Dataset S1 | Information about the novel candidate imprinted DMRs. Seven
spreadsheets: (A) List of the 39 BS-Seq methylomes used to extract the AMR
records; (B) List of the new candidate iDMR reported in this study; (C) List of
known constitutive imprinted DMRs (Okae et al., 2014) used to set the
investigative inclusion criterion of >16 overlapping AMR records in each candidate
iDMR; (D) Information about the primers, MSRE-PCR triplex assays, and SNPs
used to determine the parent-of-origin of the 5MCpG imprints in the
PARD6G-AS1, PWWP2AP1, and GCSAML candidate iDMRSs; (E) List of 90 GEO
entries for 450 K methylation arrays from healthy; preeclampsia; and trisomy 13
(Patau syndrome), 18 (Edwards syndrome) and 21 (Down syndrome) placentas
and list of BS-Seq methylomes from healthy (n = 3) placentas; (F) List of BS-Seq
methylomes from hematopoietic cancers from the BLUEPRINT project (Adams
et al., 2012); (G) Roadmap Epigenomics samples; (H) Reference set of iDMRs
used in the hierarchical clustering analysis of histone modification enrichment.

Dataset S2 | Overall evidence of allele-specific expression (ASE) from RNA-Seq
experiments. Six spreadsheets: (A) Information about the 8,555 RNA-Seq
experiments in 51 tissues from the GTEX project (release V7; n = 9,931 RNA-Seq
entries extracted with the dbGaP run selector tool), used as a secondary source;
(B) Sorting and classification of 40 known imprinted genes (Babak et al., 2015;
Baran et al., 2015) by the patterns of ASE across informative SNPs using the
GTEx data and classification criteria described in the present study;

(C) Information about the 2,164 RNA-Seq experiments in 25 tissues used as the
primary source. Jointly, the sets of RNA-Seq experiments listed in (A,C) represent
an atlas of 52 tissues; (D) Sorting and classification of the genes located up to
2.3Mb in either direction from the PARD6G-AS1, PWWP2AP1, and GCSAML
genes by the patterns of ASE across informative SNPs using the GTEX data;

(E) Allele-specific expression of ZNF124 yielding at least 10 reads per SNP in
primary RNA-Seq experiments from lung tissue; (F) List of the top lead SNPs
(MAF > 0.1) selected from the results in (D) and heatmap of the distribution of the
informative RNA-Seq experiments yielding at least 20 reads per SNP;

(G) Evidence of biallelic expression across the lead SNPs listed in (F); (H) Effective
gene coverage according to the GTEx expression analysis.

Dataset S3 | PhenoScanner, e-GRASP, PheGen/, and HaploReg lookup of
genotype-phenotype genome-wide associations for SNPs in the PARD6G-AS1
and GCSAML iDMRs. Seven spreadsheets: (A) Complete set of SNPs in each
iDMR; (B) The list of SNPs and proxies found in association with traits at
genome-wide significance; (C) Gene positions, minor alleles and global MAFs for
the SNPs and proxies with genome-wide significance in GWAS; regulatory
chromatin states at the lead variants rs1050919 (D), rs56357216 (E), rs1106086
(F), and rs10925069 (G).

Figure S1 | Constitutive unmethylated status at the PPP2R3B predicted promoter
region. X- chromosome ideogram; physical positions and domain features of the
PPP2R3B locus depicting the methylation status at CpG sites across a 40 kb
long-span view (hg19; 329240-369239). The methylation levels are represented
on a scale from O to 1 (hypomethylated to hypermethylated). The image is
centered on CGI-6, localized in the PPP2R3B predicted promoter region. The light
green ticks represent the positions of the CpG sites. The PPP2R3B gene is
transcribed from the minus DNA strand. The annotated features are (from top to
bottom) the segmental duplication in chrY (chrY:231384 track), the exon-intron
organization of the principal isoform, the evidence of small non-coding RNAs
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(sncRNAs) (DASHR RNA [neg] track), the FANTOM5 transcriptional start sites
(TSS peaks track) (Lizio et al., 2017), the Ensembl Regulatory Build predicted
promoters (Ensembl Reg Build track) (Cunningham et al., 2015), CpG islands and
CGil-bearing AMRs (this study) and the comparative custom Fang_AMR track
(Fang et al., 2012). A constitutive unmethylated status is observed across
PPP2R3B CGI-6 in gametes, as well as in healthy (golden ticks) and cancerous
(orange ticks) adult tissues. The chromosomal position of the region
corresponding to the Hpall-sensitive amplimer (PCR results track) is highlighted in
light blue within PPP2R3B CGI-6.

Figure S2 | Validation of the intermediate methylation statuses at the
PARD6G-AST, PWWP2AP1, and GCSAML DMRs by MSRE-PCR triplex assays.
Representative methylation profiles before and after digestion with the
methylation-sensitive Hpall restriction enzyme. (A) PARD6G-AST DMR,

(B) PWWP2APT DMR, and (C) GCSAML DMR. Each profile generated from uncut
DNA consists of two control products (left and right peaks) and a test product
(peak in the middle). The control products correspond to the amplimers of a
chromosomal region known to be 100% unmethylated in the human genome (left
peak) (see Materials and Methods for details) and a chromosomal region bearing
no Hpall sites (right peak). The PARD6G-AST DMR amplimer comprises the
common indel variant rs11281142 (MAF > 0.4), and thus, a heterozygous sample
yields two peaks representing the two variant alleles, one with and the other
without the CTGTGGTGC insertion. The GCSAML DMR amplimer comprises two
peaks (255 and 257 bp), consistent with the addition of a 3'-end A residue
overhang to the PCR product, since the two-peak product occurs in 20 genomic
DNA samples tested, and the two annotated, encompassing, one-base-pair indel
variants rs533592199 (-/G), and rs773445240 (-/T) reported in doSNP150 have
not been detected in over 841,883 public exomes (NHLBI GO Exome Sequencing
Project, 2012; Sulem et al., 2015; Chen et al., 2016; Lek et al., 2016; Narasimhan
et al., 2016). Each panel corresponds to a different individual from one out of three
representative nuclear families that were informative for at least one SNP. The
biallelic methylation profile at the PWWP2AP1 hemimethylated CGI DMR was
confirmed using a second MSRE (Hhal) in two informative individuals (data not
shown).

Figure S3 | Constitutive hemimethylation statuses across the known GRB10
maternal IDMR. (A) Chromosome 7 ideogram; physical positions and domain
features of the GRB10 locus showing the methylation status at CpG sites (golden
ticks) across a 40 kb long-span view (hg19; chr7:50832014-50872013). The
image is centered on the CGl localized in the GRB10 predicted promoter region,
labeled “GRB10 maternal iDMR” (GRB710 CGI-1), which maps to a predicted
secondary promoter region upstream of the transcriptional start site of the short
GRB10 isoform. The GRB10 locus is transcribed from the minus DNA strand. The
light green ticks represent the positions of the CpG sites. The methylation levels
are represented on a scale from 0 to 1 (hypomethylated to hypermethylated). The
methylation levels across the CpG sites within the GRB70 maternal IDMR range
from 0.35 to 0.65 in adult somatic tissues. In the same region, however, there is
asymmetrical methylation in gametes (hypermethylation in cocytes and
hypomethylation in spermatozoa). (B) Cross-reference overlaps of the GRB10
maternal IDMR with differentially methylated regions reported in control-disease
methylomes and healthy placentas. The annotated features are (from top to
bottom) the exon-intron organization of the principal and alternative isoforms, the
evidence of large intergenic non-coding RNAs (incRNA) and small non-coding
RNAs (sncRNAs) (DASHR RNA [neg] track), the FANTOMS transcriptional start
sites (TSS peaks track) (Lizio et al., 2017), the Ensembl Regulatory Build predicted
promoters (Ensembl Reg Build track) and transcriptional factor binding sites (TFBS
summary track) (Cunningham et al., 2015), CpG islands and the comparative
custom Fang_AMR track (Fang et al., 2012). The GRB70 maternal iDMR overlaps
the domain known be differentially methylated in a maternal-origin-dependent
manner in blastocysts and the placenta (Okae et al., 2014; Hamada et al., 2016;
Sanchez-Delgado et al., 2016a) (Okae_DMRs, Hamada_DMRs,
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