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A hallmark of imprinted genes in mammals is the occurrence of
parent-of-origin-dependent asymmetry of DNA cytosine médtylation (3"C) of
alleles at CpG islands (CGIs) in their promoter regions. Bhis™CpG asymmetry
between the parental alleles creates allele-speci c impnied differentially methylated
regions (iDMRs). iDMRs are often coupled to the transcripthal repression of the
methylated allele and the activation of the unmethylated lele in a tissue-specic,
developmental-stage-speci ¢ and/or isoform-specic fashion. iDMRs function as
regulatory platforms, built through the recruitment of chmical modi cations to histones
to achieve differential, parent-of-origin-dependent clomatin segmentation states.
Here, we used a comparative computational data mining apprach to identify 125
novel constitutive candidate iDMRs that integrate the mamial number of allele-speci ¢
methylation region records overlapping CGls in human metlhgmes. Twenty-nine
candidate iDMRs display gametic 8'CpG asymmetry, and another 96 are candidate
secondary iDMRs. We established the maternal origin of the ™CpG imprints of
one gametic PARD6G-AS]) and one secondary GCSAML) iDMRs. We also found
a constitutively hemimethylated, nonimprinted domain athe PWWP2AP1 promoter
CGl with oocyte-derived methylation asymmetry. Given thathe 5™"CpG level at the
iDMRs is not a sufcient criterion to predict active or silehlocus states and that
iDMRs can regulate genes from a distance of more than 1 Mb, we sed RNA-Seq
experiments from the Genotype-Tissue Expression project rad public archives to
assess the transcriptional expression pro les of SNPs acrss 4.6 Mb spans around the
novel maternal iDMRs. We showed thatPARD6G-AS1and GCSAML are expressed
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de Sa Machado Aragjo et al. Decoupled Maternal 3"CpG Imprints

biallelically in multiple tissues. We found evidence of #se-specic monoallelic
expression ofZNF124 and OR2L13, located 363 kb upstream and 419 kb downstream,
respectively, of theGCSAML iDMR. We hypothesize that theGCSAML iDMR regulates
the tissue-speci ¢, monoallelic expression 0ZNF124 but not of OR2L13. We annotated
the non-coding epigenomic marks in the two maternal iDMRs usg data from the
Roadmap Epigenomics project and showed that thePARD6G-ASland GCSAMLIDMRs
achieve contrasting activation and repression chromatinegmentations. Lastly, we found
that the maternal 8"CpG imprints are perturbed in several hematopoietic cancer We
conclude that the maternal 3"CpG imprints at PARD6G-AS1and GCSAMLIDMRs are
decoupled from parent-of-origin transcriptional expresmn effects in multiple tissues.

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

INTRODUCTION available. Through di erent imputation strategies, a preditt
(candidate) imprinting status has been assigned to over 200
Genomic imprinting refers to the epigenetic and epigenomicother loci (Luedi et al., 2007; Wei et al., 201Dysregulation
di erentiation of alleles of particular chromosomal loci on of the epigenetic marks or mutations of the imprinted loci or
the basis of the parent transmitting themBgrlow and domains is associated with 12 congenital dise&3esl{ner et al.,
Bartolomei, 201} The process of imprinting entails tagging 2017.
with chemically stable marks consisting primarily of parent-  Within the past 5 years, the reanalysis of big-data resource
of-origin-speci ¢ (and, therefore, asymmetricall’"8pG DNA  depositories of deep sequencing (methylomes, RNA-Seq and
methylation, enrichment with chemically modied histones ChiP-Seq) from di erent tissues in a multitude of individusal
DNA accessibility, and the expression of long non-coding RNA®r single cells at various developmental stages has sulashanti
(IncRNAs) Skaar et al.,, 20)2 The trademark of genomic increased our ability to discover and characterize imprinte
imprinting is the transcriptional silencing of the same par@nt genes. The most informative epigenetic features currergdu
allele in every cellGhess, 2096 A hallmark of the canonical to detect imprinted loci are the following: (i) the occurrenc
imprinted genes in mammals is the asymmetrical arrangemerg allelically methylated regions (AMRs) or genomic intervals
of parent-of-origin-dependent methylation at carbon 5 of theexhibiting allele-specic (or allelically skewed) methidat
cytosine pyrimidine ring in the context of a CpG dinucleotide (ASM) at CGls Fang et al., 2012; Song et al., 2013; Marzi
sequence (BCpG) in CpG islands (CGls) in the encompassedet al., 201) (i) allele-speci c expression (ASE) ratios across
promoter regions {uen et al., 2011; Docherty et al., 2014 heterozygous SNP8§bak et al., 2015; Baran et al., 20 1)
Hannula-Jouppi et al., 20)4The asymmetrical, parental-allele- asymmetrical allele-speci ¢ enrichment of histone moditicas
speci ¢ status of 8CpG at CGls enables the construction associated with activation or repression states at thesasieci c
of parent-of-origin-dependent regulatory platforms, whickea candidate imprinted di erentially methylated regions (iDMRS)
built through the recruitment of chemical modications to (Savol et al., 20)7 (iv) dysregulation of the intermediate
histones to achieve chromatin segmentations that imposgethylation states at candidate iDMRs in diseased versugiyealt
di erential repressive versus activation statuses on thergate tissues Choufani et al., 2011; Docherty et al., 2014; Hannula-
alleles (i and Zhang, 201} Thus, the imprinting of the Jouppi et al., 2014; Maeda et al., 2014; Kagami et al.,);2017
transmitted alleles from a subset of genes makes them subjetnd, most recently, (v) cis methylation quantitative traitilo
to monoallelic transcriptional expression in speci c tissu®s (cis-meQTLs) that exhibit parent-of-origin e ects (POEs) thvi
developmental stages. Parent-of-origin-dependent afipkei ¢ a physical distance ranging from 0.01 to 743kb between the
5MCpG imprints are silencing epigenetic (e.g., heritable) marke ector SNP and the a ected™CpG site Cuellar Partida et al.,
that can be set in the germline or somatically acquired an@017.
conserved through mitotic divisionsGuo et al., 2014; Smith Herein, through a comparative computational data mining
etal., 2011 approach, we report the identi cation of 125 novel candidate
Genomic imprinting occurs in therian mammal8érlow and iIDMRs in the human genome that integrated the maximal
Bartolomei, 201¥and angiospermsHodrigues and Zilberman, number of AMR records overlapping CGls in methylomes from
2019. The exact repertoire of imprinted genes and the preciseeveral tissues. We show that 29 candidate iDMRs display
set of cis-acting regulatory elements, which make up thgermline (gametic, primary)®CpG asymmetry, whereas 96 are
“imprintome” (Cooper and Constancia, 2010; Skaar et alcandidate somatic (secondary) iDMRs. We revealed that the
20139, have not been established. In humans, approximately 15@aternally inherited 3CpG imprints for one gameticRARD6G-
chromosomal loci are known to be imprinted/iorison et al., ASJ) and one somatic GCSAML iDMR are decoupled from
2005; Zhang et al., 2010; Jirtle and Murphy, 2012; Da Silv&#OEs on the expression of the parental alleles. Lastly, we show
Santiago et al., 2014; Wei et al., 2014; Cuellar Partida.et ahat the oocyte-derived "™SCpG imprints are dysregulated in
2017, although no uni ed, updated information repository is hematopoietic cancers.
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MATERIALS AND METHODS Determination of the Parental Origin of the
Subjects 5MCpG Methylation Imprints

Out of 100 trios from the Northern Region of the State of Rio_TO validate the intermediate methylation statuses observed

de Janeiro, we included ve nuclear families (mother, fataed " the candidate iDMRs in public BS-Seq methylomes, we
son or daughter; median ages: 42, 50, and 19 years, resﬂ;e)ctivée'[ up methylatlon-sensmve restncpon enzyme PCR (MSRE-
whose genomic DNA (gDNA) had been genotyped asinformatingR) triplex assaysDitaset S1D Primers and MSRE assay)

for the appropriate SNPs of the target genes. The investigato'ff‘glleCi_C to rt]he cgndiollat% iDM_ES(;j these_ asT,a?/s wzre d_elzsigned
were blinded to the identities and scores of all trios throogt ~ '0lOWing the rationale described previouslal(es da Silva
the genotyping process. et al., 2015 Each test amplies three loci: (i) ArHpall-

containing X-chromosome-speci ¢ monomorphic locus at the

predicted promoter region of thePPP2R3Bgene, located
DNA Extraction on the pseudoautosomal region PAR1 in females and the
Human gDNA from freshly drawn peripheral blood samplesY chromosome in males. Th@PP2R3Boromoter region is
(2mL) was extracted using a commercial illustra bloodunmethylated in healthy and cancerous tissues from males an
genomicPrep Mini Spin Kit (GE Healthcare, Little Chalfont, females Eigure SJ; thus, it is not subject to gender-related
UK), essentially as reported earliemgchado et al., 20)4 di erential methylation or e ects of X-chromosome inactiviah
gDNA was quantied using an ND-NDL-PR NanoDrop inwomen.PPP2R3B a gonosomal melanoma tumor suppressor
Lite Spectrophotometer (Thermo Fisher Scienti c, Waltham,gene ¢an Kempen et al., 20).6 The amplimer from this
MA, USA) and kept frozen at 20 C until used. For region was used as a positive control for tHpall restriction
genotyping, aliquots of 10 ng of gDNA were used in each PCRnzyme digestion. (ii) The candidate iDMR, encompassing
reaction. at least oneHpall recognition site and an informative SNP.

(i) A CpG-rich region of the WRB gene, bearing ndpall

. . . . sites, used as a reference control for normalization of the

Identi cation of Candidate iDMRs ratio of restriction-enzyme-resistant™&pG sites in the target
To identify novel candidate iDMRs, we employed an integrativgandidate iDMR. The methylation statuses were calculated
data mining strategy based on the detection of AMRs, that iy the proportion of restriction-enzyme-resistarifGpG sites
chromosomal regions where the paternal allele is di erehtial using the equation reported previoushilges da Silva et al.,
methylated compared with the maternal allelea(g et al., 201§. we genotyped the methylated alleles of informative
2012; Song et al, 20Land that overlap CGls in whole- gNps pataset S1D), e.g., the alleles resistant to digestion
genome methylomes determined by bisul te sequencing (BSgith the restriction enzyme, using single-nucleotide primer

Seq) experiments. The strategy entailed extracting all eldgxtension (SNUPE) and SNaPshot technology (Thermo Fisher
(whole genome, hgl9 assembly) from track data hubsney  scienti c).

etal., 201)yfor CGls that have any overlap with the coordinates of

the AMR records reported in 39 BS-Seq methylome repositories .

having a bisul te conversion rate of at least 0.95 and a mimim PNA CpG Methylation Changes at

depth of 10 reads per CpG sitedDdtaset S1A 39 BS-Seq Candidate iDMRs in the Placenta

methylomes). For this task, we used the UCSC Genome Browsalthough there is widespread interindividual polymorphic
Data Integrator web toolHfinrichs et al., 201% freely available at methylation in the gametic maternal iDMRs that are specic
UCSC Genome Browsekéntetal., 2002; Raney etal., 20MWe  to the human placentaHanna et al., 2016 variable maternal
compared the integration results with the 15,282 AMRs idertti e methylation in other tissues has been reported only in the stien
previously in hgl8 Fang et al., 20)2by annotating them in maternal iDMR of the tumor suppressor NnCRNXTRNA2-1
hgl19 using the UCSC Genome Browser LiftOver coordinatéPaliwal et al., 2013; Romanelli et al., 2014; Green et ak).201
conversion tool. The output was used to populate a spreadshe@tus, we annotated the methylation statuses at the selected
and the data were Itered by the number of overlapping AMRPARD6G-ASIPWWP2AP1and GCSAMLIDMRSs in 90 public
records per CGI Dataset S1B Novel candidate iDMRs). As methylome experiments for signs of polymorphic methylation.
an investigative inclusion criterion, we accepted only CGIghe inherent statuses are based on methylation pro ling by
that achieved at least 16 overlapping AMR records, which wake lllumina In nium HumanMethylation450K BeadChip array
the minimal number of overlapping records we observed foHattetal., 2015, 2016; Hanna et al., 20A8 a quality assurance
most of the known gameticn(D 20) and secondaryn(D 9) control, we excluded from the analysis all unspecic cross-
iDMRs (Okae et al., 20)4(Dataset S1C Known imprinted reactive probes, probes wig> 0.01, and probes varying among
DMRs). The selected CGl-bearing AMRs were classi ed aseplicates Chen et al., 2013 The placenta dataset comprises
candidate gametic or secondary iDMRBataset S1B on the samples from healthy controls (D 52); cases of preeclampsia
basis of asymmetrical hypermethylated versus hypomettd/latén D 8); and cases of trisomy 13 (Patau syndrome])(6), 18
statuses in BS-Seq methylomes from human oocyésé et al., (Edwards syndromen(D 12) and 21 (Down syndromeh(D 12)
2019 (customized in the UCSC Genome Browser as describe@ataset S1IEPlacenta GEO entries). We also included BS-Seq
previously;Alves da Silva et al., 20)18nd spermatozoa\(olaro  methylomes from three normal placentaBdtaset S1E We
etal., 2011 customized tracks at the UCSC Genome Browser and extracted

Frontiers in Genetics | www.frontiersin.org 3 March 2018 | Volume 9 | Article 36


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

de Sa Machado Aragjo et al. Decoupled Maternal 3"CpG Imprints

the 8"CpG levels to measure the mean values and standaftom 570 postmortem donors)ataset S2AGTEx sample info

deviation across the corresponding chromosomal regions. V7). The ASE measurement values provided by GTEX refer to
the median di erence in the number of RNA-Seq read counts

DNA CpG Methylation Changes at the between the two alleles in an imputed heterozygous SNP across

Candidate iDMRs in BS-Seq Methylomes donors, with a depth 8 reads per site per donor. ASE is

calculated as [0.5—-Ref_allele_read count/(Ref_allele aeaat

. . . N . C Alt_allele_read count)] Castel et al., 20)5We used the
Given that aberrant methylation associated with iDMRs 'uesc Data Integrator web tool to extract the information abou

reported in cancer Barrow et al., 2005 we annotated the - . . : o

o . . . . the physical coordinates' overlapping gene names; minimum,
variations in the methylation statuses of the candidate 'DMR?nedian maximum, and quartiles (Q1 and Q3) for ASE values:
exhibited in BS-Seq methylomes from hematopoietic cancers ’ ’ N ’

in the BLUEPRINT project (August 2016 data releage)dms number of donors; and read depth at SNPs present in the ta_rget
etal., 201p(Dataset STEBLUEPRINT malignancies), compared genes. Because the ancestral allele of an SNP can occur in the

. g . . . context sequence of a di erent locus, we ltered out such SNPs
with the intermediate methylation status typically obsetve from the downstream processing using a Short Match scriot in
in BS-Seq methylomes from healthy tissues. We restrict P 9 9 P

- 0, i
the analysis to hematopoietic cancers because GRESAML codes. We note that 5% of all SNP sites across the genome

A L - ; ; are excluded this way. The expression data were classi ed per
candidate imprinted gene encodes a putative signaling protein

associated with the sites of proliferation and di erentiatiof gene locus using a script in R-codes that sorts the evidertoe in

mature B lymphocytesNCBI Resource Coordinators, 2017 four mutually exclusive ASE categories. The ASE categaries a

. L . their parameters were as follows: strictly monoallelic (miaim
The BLUEPRINT project was initially designed to OIecod(?maximal and Q1 ASE valué 0.5); consistent with monoallelic

the epigenetic signatures of healthy blood and hematopoieti minimal ASE values 0.5, Q1 and maximal ASE value<0.33):

malignancies. The project included samples from bone marro Y ictly biallelic (minimal, maximal and Q1 ASE valubs0).

(acute Iymp_hocytlc Ie_ukem|a, acu_te myeloid leukemia, acutgnd consistent with biallelic (minimal ASE values 0.5, Q1
promyelocytic leukemia, and multiple myeloma) and venous - <

. . . -ASE values 0.33, and maximal ASE values0). The R script
blood (acute lymphocytic leukemia, acute myeloid leukemia

chronic lymphocytic leukemia, mantle cell lymphoma, and T_Was validated using the corresponding data for a reference ge

cell prolymphocytic leukemia). We viewed the target regions?et consisting of the 40 known imprinted genes reported by
using the track hub available at the UCSC Genome Browserr]e GTEx Analysis Working Groupataset S28 40 known

(Raney et al., 20)Awith the hg38 chromosomal coordinates. |mpr|nt(_ad genes) fabak et al., 2015; Baran et al, a_Olﬂso
We extracted the values of thé"6pG calls, determined the accessible from the GTEX portal. For the nal expression pro le

average methylation level across the CpG sites that span t 83|gnat|on (on a per-gene and per-tissue basis), we callgd onl

: . T ; . the genes with at least three non-discordant informativé’S Ner
corresponding physical region in healthy tissues, and nomzedli tissue. and a depth 12 reads per SNP
the data by excluding the CpG sites with no data. ’ P P )

From Cancer

o Primary Source of RNA-Seq Experiments
Assessmen_t of Transcrlptlonal The primary source consisted of 2,164 RNA-Seq experiments
Allele-Speci ¢ Expression (Dataset S2€2,164 SRA experiment atlas), representing an atlas
For the genes within 2.3 Mb of the candidate iDMRs in eitherof 25 tissues, selected from the NCBI RNA sequence read archiv
direction, we queried RNA-Seq experiments for signs of ASESRA) public data repositories. The unicity (e.g., the cetyai
across SNPs in dbSNPSiferry et al., 20Q1having global of excluding mixed samples and disease tissues) of each SRA
minor allele frequency (MAF) 0.1 as reported by the 1,000 experiment was established by querying SNPSNURFE H19,
Genome Projectfudmant et al., 20)5We used both secondary and PLAGL1 known imprinted genes expressed monoallelically
(pre-processed) and primary (unprocessed) sources of RNA-S@fl multiple tissues Dataset S1[) using the NCBI SRA search

experiments. web tool, essentially as reportedies da Silva et al., 20)L6
The query sequence strings were 29 nt in length, and the

Secondary Source of RNA-Seq alleles were represented by the International Union of Pure

Experiments and Applied Chemistry (IUPAC) substitution codes. The unicity

The secondary source comprised the free track hubs for thigclusion criteria were as follows: (i) ASE0.42 (consistent with
Genotype-Tissue Expression (GTEx) project (data release Wonoallelic expression), (ii) occurrence of allele ip (batheles
October 2015) The GTEx Project, 20)5available from the observed monoallelically in individual tissues) and (ilbsance
UCSC Genome Browser and the dbGaP Data Browser. TH# strictly biallelic patterns.

GTEXx track hubs, as designed and provided by the Lappalainen . . .

lab at the New York Genome Center, part of the cTEXASSessment of Histone Modi cation

Analysis Working Group Castel et al., 20)5enable users Enrichment

to access the supporting tables. The GTEx track hubs repofto compile evidence about the likely involvement of the
ASE measurement values at imputed heterozygous variantandidate iDMR in the regulation of imprinting, we examineeth
identi ed from transcriptome and genotype data collectednfro enrichment of histone modi cations associated with actiga
51 primary tissues in RNA-Seq experiments (8,555 samples repression chromatin states, including promoter and erd&an
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functions and DNA accessibility (e.g., inter-nucleosomed3dt (Okae et al., 20t4Dataset S1¢. The analysis yielded 480
hypersensitive site distribution). We used the Grid Visuaiian  CGls, 168 of which consistently exhibited methylation lsvel
web resource (available at the Roadmap Epigenomics Browsanging from 0.35 to 0.65 at the overlapping CpG sites in
from the NIH Roadmap Epigenomics Mapping Consortiumthe esophagus tissue methylome, as the reference methylome
Bernstein et al., 2010; Roadmap Epigenomics Consortium,et dbecause every chosen CGI has at least one AMR record in
2015 and the WashU Epigenome Browseth(ou et al., 201l  that tissue methylomeQataset S1B. The distribution of the

to analyze uniformly processed datasets. We also annothted 1168 CGl-bearing AMRs per autosome is shownHRigure 1
non-coding genome in the candidate iDMRs by computationallyChromosomes 6 through 9 had no hits. Chromosome 19 bears
exploring integrative large-scale functional- and compaet the highest density of hits per megabase. Eleven CGl-bearing
genomics datasets on gene expression (RNA-Seq, cDNWMRs correspond to known gametic iDMRs (10 maternal
mapping, active transcriptional start site (TSS) mappiffzd  and one paternal), six to known secondary iDMR®kée
mapping) using the FANTOM ZENBU BrowseB¢verin et al.,, et al., 201% and 26 to known candidate iDMRs for which
2019. In summary, we analyzed secondary data from chromatiparent-of-origin-speci ¢ methylation is uncertainCourt et al.,
immunoprecipitation and DNA sequencing (ChIP-Seq) of 312013, 2014; Docherty et al., 201{Dataset S1B. The 125
histone modi cation marks in 22 healthy human somatic tissu remaining CGl-bearing AMRs appear to be new candidate
and cell linesDataset SIGRoadmap Epigenomics samples). WeDMRs. Of these, 29 exhibit asymmetrical methylation statuses
extracted both the observe&¢admap Epigenomics Consortium in the methylomes of oocytes and spermatozoa; thus, they
et al., 201p and the imputed data pointsEfnst and Kellis, were classied as candidate gametic iDMRs (18 maternal
2015 for histone modi cations across the candidate iDMRs fromand 11 paternal). Ninety-six are candidate secondary iDMRs
every tissue experiment and plotted them using the softwar@Dataset S1B.

GraphPad Prism. The chromosomal segmentation enrichment Because our laboratory is interested in the discovery of
was compared at ve constitutive oocyte-derived iDME&RB10, imprinted genes located in the autosomes that are commonly
INPP5F, ZNF331, KCNQ1, MEEANnd three secondary maternal a ected by nondisjunction glves da Silva et al., 20)6we
iDMRs (MAGEL2, NDN, MEGB(Dataset SIHIDMR reference selected two candidate gametic maternal iDMABARD6G-
set). TheGRB1ODMR was included as it regulates monoallelicAS1 (par-6 family cell polarity regulator gamma antisense
expression from the paternal or maternal allele in a tissuet anRNA 1 on chromosome 18; Edwards syndroméiglre 2
isoform-speci ¢ fashion Blagitko et al., 2000; Yoshihashi et al.,and PWWP2AP1(PWWP domain containing 2A pseudogene
2000; Hitchins et al., 2001; McCann et al., 2001; Mergenthal®& on chromosome 13; Patau syndromdjigure 3—and the

etal., 2001; Monk et al., 2009 secondary candidate iDMR in th&CSAML (germinal center
o associated signaling and motility like) gene on chromosdme
Genotype-Phenotype Associations (Figure 4), the autosome with the highest number of candidate

We queried the PheGér{fRamos et al., 20)4e-GRASPKarim  iDMR hits (Figure 1). The three candidate iDMRs consistently
et al., 201§ PhenoScannerStaley et al., 20),6and HaploReg exhibited intermediate methylation pro les in somatic tigsu
v4.1 Ward and Kellis, 201 web database tools to cross-(levels ranging from 0.35 to 0.65 across all CpG sites) but
reference SNPs at tiRARD6G-AS1, PWWP2APANdGCSAML  were hypermethylated>(0.65) in human embryonic stem cell
candidate iDMRsDataset S3AIDMR SNP lookup) with a broad

range of phenotypes from large-scale genome-wide assartiatio
studies (GWAS) to gain insights into possible disease-zssali 300
loci and to assign chromatin states to the lead variants. @le s
thepand P cut-o values at5 10 8and 0.8, respectively, and
requested results for 1,000 Genomes SNP proxies at sigii ca
gametic disequilibrium. We ran the SNP variants within the
GRB10ODMR (Dataset S3Aas a control set of SNPs that did not

chr2 chrl

chr3 “
chr!
chril
chra chr10

=
N
a
o

Chromosome size (Mb)
@ S
o o

cross-reference with disease phenotypes in the above databas s s
chr13? chr22 chr9
RESULTS 100 chrzo
chr1s- chrld
Novel Candidate iDMRs 50 9@
To identify novel candidate iDMRs, we integrated AMR records i1 chray -

w
o

that overlap annotated CGIs from 39 BS-Seq methylome
including 26 primary (uncultured) healthy tissues and 13l cel
types and cell linesdataset S1A. We limited the analysis to
the autosomes because evidence BCPG imprinted marks FIGURE 1 | Three-dimensional bubble chart display of the density of neel
on the X chromosome in women is only now beginning to| candidate iDMRs. The diameter of the bubble represents theehsity of
emerge. We further restricted the Screening to CGls overla;ppin candidate iDMRs per 10 Mb autosomal region, whereas the posbn of the
AMR records in at least 16 methylomes, which was the minimal balloqn on they_-aX|s _|s relatgd to the chromosomal size in Mb. The highest
. R density of candidate iDMRs is 3.1/Mb on chromosome 19.
number of records observed in 29 out of 67 known iDMR

0 1 2 3 4
Density of CGl-bearing AMRs per 10-Mb

Frontiers in Genetics | www.frontiersin.org 5 March 2018 | Volume 9 | Article 36


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

de Sa Machado Aragjo et al. Decoupled Maternal 3"CpG Imprints

Ideogram[ chr18 (q23) 1.3 XRIel | 18q12.1  KERKPR 18q12.3 EEEFANN 18q21.2 HENRT-32 18522.1 I
8
—
% Scale 10 kb} | hg19
Q@ chr18:  77,890,000] 77,895,000 77,900,000/ 77,905,000] 77,910,000/ 77,915,000/ 77,920,000] 77,925,000/
o] AN — PARDSGAS'
§ Isoforms ENST00000262198|--3} ENST00000586421 i} ~,:E’\,‘STm~m;ARE — :: } 9000000000 —]
PARD6G-AS1_CGI-1] PARD6G-AS1T_CGI-2 [l
CGl-bearing AMRs cpGsites| [Il 1 H\‘ ‘ I‘Il\ i “‘”H‘ilulmii‘hiil‘ I\EH I hl ‘III \HHHIH\H \/i\M\ﬁ:\s;III\I\I\H \Hll‘\li\\ W\ I|IH \I”‘I‘“I‘I IﬁhIAIF\i:Ii1=HHM\H[‘ ihill“w il Il I‘Hl\iﬁilu\l\iilllﬂlll
Gametes sem ‘ I ‘ ‘ | ‘ | ‘ | I \‘\ TP ‘ l ‘ ‘ ‘ . “\‘JI\H
(LN LR | PO AT 1D O Ol o OO0 AT
] Ly A T Ty Y T e A T T T T R P e e T e e
it 11 A T e T T 19 AT Ty
S S B e
S nsutissues| i, \ U ] ] NCHLR) A
o R TAUTRS I 0 0 T e TR 1 T 19 AR Y
9 NI D ORI O O et RO 0 1 AR 0 A
2 prorricotes 1 VIRV ) F ) UVEARIOME OO0 s O il OO0 1Al AT
£ cotartssoes| o I ADUUN Lo | AOURRCONE 00 B0 00 T s 00O 00 R TR O ORI
s reasoratcort || 11U 1| OO | [Nl 0 AT O AR O A
e S G
Endoderm ‘ ‘ ‘ ‘ ‘ ‘
hESC-derived | 1o NI OO OO O O 0 0 GO0
VARV T ANROIRE O DR O w0 OO0 0 N
FIGURE 2 | Primary intermediate methylation status at th®ARD6G-AS1predicted promoter region. Chromosome 18 ideogram; physiel positions and domain
features of the PARD6G-AS1locus depicting the methylation status at the CpG sites (gden ticks) across a 40 kb long-span view (hg19;
chr18:77886816—77926815). The methylation levels are rapsented on a scale from 0 to 1 (hypomethylated to hypermetHgited). The image is centered on the CGI
localized in thePARD6G-AS1predicted promoter region, labeled PARD6G-AS1CGI-1.” The light green ticks represent the positions of the @G sites. The
methylation level across thePARD6G-AS1CGI ranges from 0.35 to 0.65 in adult somatic tissues. In the sae region, there is asymmetrical methylation in gametes
(hypermethylation in oocytes and hypomethylation in speratozoa). ThePARD6G-AS1gene partly overlaps the downstreamPARD6Ggene locus, which is
transcribed in the opposite direction from the minus DNA sand. The annotated features are (from top to bottom) the exointron organization of the principal and
alternativePARD6G-AS1and PARD6G splice isoforms (variants 1 and 2 in shades of dark blue) andé species-conservedPARD6G-AS1and PARD6G principal
isoform transcripts (ENST00000586421 and ENST0000035326, respectively, in brown) Rodriguez et al., 2013.

(hESC)-derived CD56 ectoderm and mesoderm and CD1B4 We also searched for evidence of haplotype-dependent
endoderm cell culturedHjgure 5). allele-specic 8'CpG sites within the selected candidate
We validated the intermediate methylation pro les observedDMRs by integrating the corresponding records
in public methylomes in the selected candidate iDMRs usingeported in methylomes o et al., 201p Within the
gDNA from venous blood by DMR-speci ¢ MSRE-PCR triplex PARD6G-AS1 candidate iDMR, we noted evidence
assaysHigure S2. of haplotype-dependent allele-specic M6pG sites in
We next cross-referenced the physical coordinates of thplacenta, liver, lung, brain and T cells methylomes
candidate iDMRs with the overlapping domains in public (Figure 6A).
methylomes of control versus diseased specimens. We found .
that all three candidate IDMRs had been predicted to bel N€ 5™ CpG Sites at the PARD6G-AS1 and
di erentially methylated in a maternally dependent manner GCSAML DMRs Are Maternally Inherited
in the placenta ldamada et al., 2016; Sanchez-Delgad@he methylation statuses of the transmitted alleles were
et al.,, 2016x but the parental origin of the methylated determined by genotyping the methylation-sensitivpall-
alleles had not been establishdtigures 6A-Q. We observed resistant alleles amplied from venous blood gDNA samples
that the PARD6G-ASIDMR domain is hypomethylated in from nuclear trios (mother, father, and son or daughter)
three imprinted diseases—Beckwith-Wiedemann syndroménformative for SNPs within the candidate iDMRs for the
transient neonatal diabetesD{cherty et al., 20)4 and PARD6G-AS1 (upstream gene indel variant rs11281142:
pseudohypoparathyroidism in patients WwitlGNAS cluster -/CTGTGGTGC), PWWP2AP1 (rs1176323), andGCSAML
imprinting defects Rochtus et al., 20)6-compared with (intron variant, upstream gene variant rs6700954) loci
matched control subjectsF{gure 6A). Moreover, we revealed (Dataset S1). The B3"CpG sites at the PARD6G-AS1
that the GCSAMLDMR is di erentially hypermethylated in (Figure 7A) and GCSAML (Figure 7B) DMRs are maternally
patients with Klinefelter syndrome (47,XXY) compared withinherited. By contrast, at th® WWP2AP1candidate iDMR,
matched males but not femalesigna et al., 2014; Wan et al., both parental alleles are methylate&igure 7C). Given the
2015 Figure 60Q). asymmetrical methylation statuses observed in the BS-Seq
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FIGURE 3 | Primary intermediate methylation status at th® WWP2AP1processed pseudogene. Chromosome 13 ideogram; physical psitions and domain features
of the PWWP2AP1locus showing the methylation status at the CpG sites (goldeticks) across a 40 kb long-span view (hg19; chr13:8121096681250959). The
methylation levels are represented on a scale from 0 to 1 (hpmethylated to hypermethylated). The image is centered orhe CGl localized in thePWWP2AP1
predicted promoter- anking region, labeled ‘PWWP2AP1CGI-1.” The light green ticks represent the positions of the @G sites. The methylation across the CpG sites
within the PWWP2AP1candidate iDMR ranges from 0.35 to 0.65 in adult somatic tisges. In the same region, however, there is asymmetrical methgtion in gametes
(hypermethylation in oocytes and hypomethylation in speratozoa). The GENCODE ENST00000429776.2 transcript for theWWP2AP1locus is shown. The
annotated features (from top to bottom) are as irFigure 2.

methylomes of oocytes and spermatozoa at BeRD6G-AS1 The Maternal 5 MCpG Sites Are Not

iDMR (Figure 2, we inferred that the BCpG imprints Polymorphic in the Placenta
are primary (e.g., oocyte-derived). Thus, we classied thighe methylation statuses at tHeARD6G-ASIand GCSAML
domain as a gametic maternal iDMR. On the other handjpmRs in BS-Seq and 450K array placenta methylomes were
the 8"CpG imprints at theGCSAMLIDMR are not oocyte-  coherent with the intermediate statuses observed in methgto
derived but somatically acquired)Figure 4), making the from diverse tissues F{gure 8. Overall, the intermediate
domain a secondary maternal iDMR. The primary versuspethylation level was undisturbed in normal, preeclampsia,
secondary designations above are concordant with thgng trisomy 13, 18, and 21 placentas. However, we noted
emerging view that, in blastocysts, the primary iDMRshypomethylation (observed lower limit 0.26) for tHRARD6G-
(Figures2 4) exhibit intermediate methylation levels AS1iDMR in some samples from trisomy 18Figure 8A).
while the secondary iDMRs are hypomethylatedkée The hypomethylated status of some but not all trisomy 18
et al., 2014; Hamada et al., 2016; Sanchez-Delgado et Bjacentas suggests a paternal origin of the nondisjunction of
20169. the supernumerary chromosome 18 in some placentas (e.g.,
The parent-of-origin-independent methylation at the two unmethylated paternal allele copies versus one maternal
PWWP2AP1 candidate IDMR is not consistent Wwith methylated allele; expected methylation rate 0.33). We
imprinting, despite the occurrence of the asymmetricaleported a similar nondisjunction parent-of-origin e ect fahe
methylation observed in gametegtigure 3. The biallelic  known maternal gametic iDMR in th&/RBgene in chromosome
methylation and the intermediate methylation seen at they1 in cases of paternal trisomy 24l¢es da Silva et al., 20)L6
PWWP2AP1DMR in various BS-Seq somatic methylomes nterestingly, the methylation level in th&RBiIDMR appears to

including those of blastocysts Figure 3, support the pe perturbed in trisomy 18 placentagigure 8D).
scenario of random (e.g., switchable) allelic methylation

of this domain. Therefore, the gametic"€pG asymmetry m . . .

observed at th®WWP2AP1promoter CGl is not maintained 9 CPG DNA Methylation Dysregulation in

in the somatic tissues investigated. ThEWWwWP2AP1 the Novel iDMRs in Hematopoietic Cancers

CGIl appears to be the rst example of a constitutivelyThe methylation statuses at theARD6G-ASJand GCSAML
hemimethylated, nonimprinted domain that is hemimethykdte iDMRs were perturbed in the methylomes of hematopoietic
in blastocysts. cancers, with both hypo- and hypermethylated pro les observed
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FIGURE 4 | Secondary intermediate methylation status at th&aCSAML predicted secondary promoter. Chromosome 1 ideogram; phyial positions and domain
features of the GCSAML locus displaying the methylation status at the CpG sites (dden ticks) across a 40 kb long-span view (hg19; chr1:24766350-247703349).
The methylation levels are represented on a scale from 0 to hypomethylated to hypermethylated). The image is centeredn the intronic CGI GCSAML CGI-1 track)
near the GCSAML predicted secondary promoter- anking region. The light gren ticks represent the positions of the CpG sites. Th&CSAML locus overlaps two
other annotated genes GCSAML-AS1and OR2C3). The annotated features (from top to bottom) are as iffigure 2. The methylation level across the CpG sites within
the GCSAML candidate iDMR ranges from 0.35 to 0.65 in adult somatic tisses. In methylomes from male and female gametes and from blastysts, this region is

hypomethylated.

FIGURE 5 | Intermediate mean methylation level across thePARD6G-AS1 PWWP2AP1,and GCSAML candidate iDMRs. Comparative variation in the average
methylation levels across all BCpG sites on the candidate iDMRs in the methylomes of healthjssues depicted inFigures 2 —4. In adult somatic tissues, the overall
mean levels were 0.39 PARD6G-AS1iDMR), 0.42 PWWP2AP1iDMR) and 0.42 GCSAMLIDMR). A slightly skewed hypermethylation state (0.70) wasbserved in
the liver for thePARD6G-AS1iDMR. The three candidate iDMR regions are consistently hgpmethylated in hESC-derived cD56 ectoderm and mesoderm and
hESC-derived CD184 endoderm cell cultures. The light blue zone represents thex@ected intermediate methylation range (0.35-0.65). Eacmethylome is

represented by a different color of bar.
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FIGURE 6 | Cross-reference overlaps of thePARD6G-AS1 PWWP2AP1,and GCSAML candidate iDMRs with differentially methylated regions parted in
control-disease methylomes and healthy placentas. Custoimed graphics of the intersections between the candidate iMRs at PARD6G-AS1(A), PWWP2AP1(B) and
GCSAML (C) and the public records reporting parent-of-origin predidons, abnormal methylation pro les, and haplotype-dependet allele-speci ¢ 5™ CpG sites. In
each panel, the annotated features are (from top to bottom)he exon-intron organization of the principal and alternaté isoforms, the evidence of large intergenic
non-coding RNAs (lincRNAs) and small non-coding RNAs (sndfs) (DASHR RNA [pos] and [neg] tracks), the FANTOMS trangational start sites (TSS peaks track)
(Lizio et al., 2017), the Ensembl Regulatory Build predicted promoters (Enseloh Reg Build track) and transcriptional factor binding site(TFBS summary track)
(Cunningham et al., 2015, CpG islands and CGl-bearing AMRSs (this study) and the compative custom Fang_AMR trackfang et al., 2012). (A) The PARD6G-AS1
CGlI-1 overlaps the domain previously predicted to be differgtially methylated in a parent-of-origin-dependent mannein blastocysts and placenta Qkae et al., 2014;
Hamada et al., 2016; Sanchez-Delgado et al., 2016p(Hamada_DMRs, Sanchez_DMRs_set:|, and Sanchez_DMRs_3sktracks, respectively), for which the parental
origin of the methylated alleles had not been established.hE allelic methylation levels in the aforementioned regierare maternally skewed, varying from 0.69 in rst-
and second-trimester to 0.82 in full-term placentas (Hamaad_1st_trim and Hamada_2nd_trim_full tracks). ThBARD6G-AS1CGI-1 also intersects with the domains
reported to be hypomethylated in patients with Beckwith-Wademann syndrome and transient neonatal diabetesocherty et al., 2014 (Docherty_DMRs track) and in
pseudohypoparathyroidism patients withGNAS cluster imprinting defects Rochtus et al., 2016) (Rochtus_DMRs track), as well as with the haplotype-depefent
allele-speci ¢ 5™ CpG sites reported in placenta, liver, lung, brain and T cel(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) ThRRWWP2AP1CGlI-1 overlaps the domain previously predicted to be
differentially methylated in a parent-of-origin-depends manner in blastocysts and placentaliamada et al., 2016; Sanchez-Delgado et al., 2016p(Hamada_DMRs,
and Sanchez_DMRs_set:ll tracks, respectively), for whiché parental origin of the methylated alleles had not been eablished. The methylation levels in the
aforementioned regions varied from 0.38 in rst- and secondtrimester placentas to 0.24 in full-term placentas (Hamadalst_trim and Hamada_2nd_trim_full tracks).
(Continued)
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FIGURE 6 | (C) The GCSAML CGI-1 overlaps the domain reported to be skewed toward hyperrathylation in Klinefelter syndrome (47,XXY karyotype) geis control
males {Viana et al., 2014; Wan et al., 201% (Viana-hyperDMR-in-KS and Wan-hyperDMR-in-KS), for wdfi the parental origin of the allele methylation had not been

established.

FIGURE 7 | The 5™CpG sites at the PARD6G-AS1and GCSAMLiIDMRs are
on the maternally transmitted alleles. The maternally tramitted alleles and
not the paternally transmitted alleles at theARD6G-AS1(A) and GCSAML
(B) DMRs are consistently methylated, as supported by the restance of the
maternally inherited alleles to digestion with the methytian-sensitive Hpall
restriction enzyme and the lack of ampli cation of the paterally transmitted
alleles from the digested genomic DNA samples for the inforative variant
SNPs (thePARD6G-AS1lupstream gene indel variant rs11281142

(ID insertion of CTGTGGTGC; D deletion of CTGTGGTGC) and the
GCSAML intron variant/upstream gene variant rs6700954, respectaly) in
three representative nuclear families that were informat for at least one SNP.
Therefore, the 8"CpG marks in thePARD6G-AS1and GCSAML DMRs are
maternal imprints. On the other hand, both parental allelesf the PWWP2AP1
rs1176323 variant are resistant to digestior(C). Thus, the 5"CpG marks in
the PWWP2AP1CGI-1 occur in a parent-of-origin-independent manner. Give
the intermediate rate of methylation iPWWP2AP1CGI-1 (seeFigure 5), the
occurrence of 5™ CpG sites in both parental alleles indicates that the
PWWP2AP1CGI-1 alleles are methylated in a stochastic fashion.

in di erent types of malignanciesHigure 9). Similar patterns
of dysregulation were found in the knowAPIELand DIRAS3
iDMRs located on the same or di erent chromosomes than
the novel PARD6G-ASland GCSAML iDMRs, respectively
the new PARD6G-AS1and GCSAML
imprinted loci undergo cancer-associated epigenetic chaunge

(Figure 9. Thus,

hematopoietic malignancies.

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

FIGURE 8 | Absence of epipolymorphism at thePARD6G-AS1and GCSAML
maternal iDMRs in placentas from healthy and diseased pregmcies. The new
maternal iDMRs are consistently hemimethylated in 450K ay (1 D 90)
methylomes from healthy; preeclampsia; and trisomy 13, 18nd 21
placentas. Comparison of the observed methylation leveli(A) the
PARD6G-AS1iDMR, (B) the PWWP2AP1DMR, (C) the GCSAMLIDMR, and
(D) the WRBIDMR. Note that none of the conditions led to an unmethylatedr
hypermethylated status at the iDMRs. The hypomethylated atus at the
PARD6G-AS1iDMR in some but not all trisomy 18 placentas suggests a
paternal origin of the nondisjunction of the extra copy of cti8 in some
placentas. The supernumerary chromosome 18 also perturbshe methylation
status of the WRB iDMR in chromosome 21.

was selected because it matches the distance between tlse gene
controlled by theSNURFIDMR (Eggermann et al., 20).9t is
worth noting that certain known iDMRs are dissociated from
POEs Qlves da Silva et al., 20)l8BNe 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 thePARD6G-ASAnd GCSAMLIDMRs and thePWWP2AP1
pseudogene. Inthe secondary GTEx set of RNA-Seq experiments,
we designated a gene expression pro le only if the evidence
included at least three non-discordant SNPs witi2 reads
each per tissue. Overall, we observed no signs of monoallelic
expression foPARD6G-ASbr GCSAMLand no transcriptional
activity of thePWWP2AP1pseudogene in either the secondary
(Dataset S2A or the primary Qataset S2¢ source of RNA-

Seq experimentsPARD6G-ASIwas expressed biallelically in

Given that an iDMR can control the parent-of-origin-dependentsix tissues: brain amygdala (4 SNPs), brain putamen (5 SNPs),
monoallelic expression of a cluster of genes, we searched foeart atrial appendage (6 SNPs), pituitary (4 SNPs), testis

evidence of ASE of genes located within 2.3 Mb ofRARD6G-

(3 SNPs) and thyroid (7 SNPsPétaset S2D 4.6 Mb screen

ASland GCSAMLIDMREs in either direction. The 2.3 Mb range analysis).GCSAMLwas expressed biallelically in ve tissues:
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FIGURE 9 | Aberrant 5"CpG DNA methylation at the new maternal iDMRs in hematopoiietcancers. The S"CpG DNA methylation statuses at thePARD6G-AS1
and GCSAMLIDMRs are perturbed in methylomes of hematopoietic cancerdisplaying either hypo- or hypermethylated pro les. Abnanal patterns are also
observed at the knownPPIELand DIRAS3iDMRSs, located on chromosome 1, which were used as a referene set. The light blue zone represents the expected
intermediate methylation range (0.35-0.65). Each methyhee is represented by a different color of bar.

visceral adipose tissue (omentum) (4 SNPs), brain - cembella lincRNA. At loci 18.6 and 4.9kb upstream, we annotated
hemisphere (6 SNPs), brain cerebellum (4 SNPs), prostate (o predicted paternal DMRs, neither of which exhibited
SNPs), and testis (6 SNPs). a constitutively or a tissue-speci c hemimethylated pro le

In humans, certain iDMRs can control the expression of(Figure S§. Because no BS-Seq or 450K methylomes are
genes that are up to 2.3 Mb away in either directi@y¢ermann available for the pituitary, we cannot rule out the possipibf a
et al., 201p Therefore, we searched the GTEx dataset fopituitary-speci c iDMR. Importantly, a CGI (OC28424@CGl-
signs of monoallelic expression of genes neighboring theeihov2) located 3.2kb upstream from tHeOC284240ocus shows
iDMRs (Dataset S20). On chromosome 1, we found evidencean intermediate methylation status with paternal, rathearth
of tissue-speci c monoallelic expression @NF124 (lung; 5 maternal, methylation asymmetry in gameteSigure S7 in
SNPs) andOR2L13(testis; 6 SNPsEZNF124and OR2L13are BS-Seq methylomes from various tissues. The hemimethylated
located 363 kb upstream and 419 kb downstream, respectively,sthtus atLOC284240CGI-2 is not constitutive because CGI-2
the GCSAMLIDMR (Dataset S2D). The ZNF124locus has no is hypermethylated in spleen, liver, thymus, and hESC-ddrive
overlapping hemimethylated CGls in normal tissues, inclgdin cells Figure S7. Querying the primary RNA-Seq experiments
lung tissue Figure S4A. In the placentallamada et al., 20)6 from lung (ZNF124, testis OR2L13pnd pituitary (OC28424D
there is evidence of biallelic expressionZdiF124(Figure S4B  tissues yielded 10 reads only for th&ZNF124SNPs, with no
Dataset S2D). evidence of biallelic expressiobdtaset S2[

On the other hand, the@DR2L13locus has a predicted CGlI- From the 4.6 Mb screen described above, we selected the
bearing AMR overlapping the promoter regiorriure S5  SNPs with MAF 0.1 that exhibited 80 reads in the GTEXx
in blood, spleen, lung, liver, esophagus, and brain methyfgmesubset ) D 47;Dataset S2FEHeatmap of top SNPs) and queried
as well as two intergenic DMRs, predicted to be maternahem against the primary set of 2,164 RNA-Seq experiments. We
in the placenta Figure S58. Nevertheless, the CGI-bearing con rmed the evidence of biallelic expression witt20 reads for
AMR is hypomethylated in gamete, blastocyst, placenta, thymu46 SNPs, including the four SNPSRARD6G-AS{Dataset S2G
and spinal cord methylomes and hypermethylated in hESCASE top biallelic SNPs). The only discordant prole found
derived CD56 ectoderm and mesoderm and in hESC-derivedwas for the SNP rs75287701 in théSBP1L1gene, which
CD184 endoderm cell culturesFigure S5A. Unfortunately, showed monoallelic expression in 10 tissues. The discordance
there are no BS-Seq or 450 K methylomes available from tesis apparently due to the low allele G frequency (0.144) in
tissue; thus, we cannot establish the methylation statubhd@h the general population. Lastly, we observed no evidence of
tissue. RNA-Seq expression for tHeWWP2APIpseudogene in either

On chromosome 18, we found evidence of pituitary-speci cthe secondary or the primary subset of RNA-Seq experiments.
expression of theRP11-567M16.1-LOC2842#rus (8 SNPs) Nevertheless, the neighboring loci are biallelically esped in
(Dataset S2D. The RP11-567M16.1-LOC2842@us encodes multiple tissuesDataset S2D).
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Epigenomic Chromatin Segmentation at (Dataset S3BIDMR e ect SNPs; andDataset S3C E ect and

the PARD6G-AS1 and GCSAML iDMRs proxy SNP MAF). We note that H3K4mel, H3K4me3, and
Constitutive iDMRs (e.g., those that are stably maintainedi3K27ac all contribute to the promoter-enhancer chromatin
through mitosis in many tissues and cell lines) can regulat@ctive state assignment at the lead variant rs1050919 itipteul

ASE of the underlying gene(s) in an isoform-specic andtissues Dataset S3D rs1050919 chromatin states). We also

tissue_speci ¢ manner. For example, the Oocyte_deri‘mlo found 38 pI’OXiES (I|nkage dlsequﬂlbrIUlﬂ‘? 08) Of two Other
intronic iDMR (Arnaud et al., 2008 depicted inFigure S3  !ead SNPs (rs56357216 and rs1106086) in RARD6G-AS1
regulates the imprinting of the paternal and materr@RB10 IDMR exerting the same cis-meQTL e ect in temporal cortex
alleles in a highly tissue- and isoform-speci ¢ mannBiggitko (P < 1.76 10 ®) (Datasets S3B,E These two lead variants
et a|_’ 2000, Yoshihashi et a|.’ 2000’ Mergentha'er et &]1)20 are aSSOCIated with an aCt|Ve TSS regulatory Chromat"e stat

GRB10is biallelically expressed in multiple tissueslagitko N >20 epigenomesataset S3Ers56357216 chromatin states
et al., 2000: Monk et al., 2009: Babak et al., 2015: Bar@hd Dataset S3F rs1106086 chromatin states). On the other

et al., 201} including the growth plate cartilageMcCann hand, the rs7550918 proxy of the lead variant rs10925069 at
et al., 200), which is the tissue most important for linear the GCSAMLIDMR showed a negative association with platelet
growth. Importantly, there is alternate monoallelic expressi counts D 3.00 10 %) (Dataset S3% H3K4me1l, H3K4me3,
skeletal muscle (from the maternal gamma 1 and gammassignmentat the lead SNP rs10925069 in blood cells and only a
2 isoform alleles) Klagitko et al., 2000; Yoshihashi et al.few other tissuedfataset S3Grs10925069 chromatin states).

2000, human lymphocyte/rodent somatic hybrid cells (from the

maternal allele) Yoshihashi et al., 20)0and placental villous

trophoblasts (from the maternal alleleMpnk et al., 200p DISCUSSION

To gain insight into the epigenomic architecture regulating

this class of POEs and to explore the possibility of théVe demonstrated the occurrence of maternally inheritB€pG
PARD6G-ASANd GCSAMLIDMRs similarly controlling ASE, imprints at the DMRs linked to the non-coding RNRARD6G-

we compared the chromatin segmentation enrichment state8S1and the protein-codingsCSAMLgene. The 3CpG imprints
achievable by these two constitutive maternal iDMRs througf@e oocyte-derivedRARD6G-ASIDMR) or somatic GCSAML
chemically modi ed histones. We used data from the inteiyt iDMR), and their inheritance is dissociated from POEs in astea
analysis of 111 reference epigenomesgdmap Epigenomics 10 adult somatic tissues, as determined by RNA-Seq pro lds tha
Consortium et al., 2005 We cross-referenced those data withWere robustly consistent with biallelic expression acrosgipie

the combinatorial histone signatures associated with wewn  informative SNPs. In the multitissue transcriptomes inigeted,
maternal gametic iDMRsO{ataset SIGFigure 104 and three We did not see evidence for monoallelic expression from the
maternal secondary iDMRsS{gure 10B in tissues where the parental alleles at SNPs that are isoform-speci ¢ or thos¢ tha
corresponding genes are expressed either monoallelically 8¥erlap isoforms or are in overlapping genes. Our study has
biallelically @abak et al., 2015; Baran et al., 2MD4ataset S2B & critical limitation regarding the number of informative\N®s

We identi ed di erential enrichment signatures for the iDMRs covering the entire set of known or predicted genes included
of INPP5F, ZNF331, GRB10, KCNQ1, MAGEhRAd MEGS in each of three 4.6 Mb genomic regions that were screened for
in tissues with monoallelic expressiorFigure 10. For the Signs of allele expression pro les. The coverage rate of genes
PARD6G-AS&ndGCSAMLDMRS, genes for which monoallelic With informative SNPs ranged from 309%°\VWAP2AP] to
expression was absent from several tissues, we did notfgenti 59% PARDEG-ASand GCSAMI) (Dataset S2H E ective gene
tissue-speci ¢ enrichment signatur€igure 10. The PARD6G- coverage). The limitation derives from the conservative and
AS1 iDMR showed a chromatin segmentation enrichmentstringent criteria used to call the allele transcriptionab pes

with the H3K4me1, H3K4me3, and H3K27ac activation mark$f genes. Speci cally, we reported only unambiguous evidence
(Figure 10. The GCSAMLIDMR showed enrichment of the Supported by at least three informative SNPs per gene per body
H3K9me3 repressive mark. For tf@RB10maternal gametic fissue. The ndings do not rule out the possibility that, infetr
iDMR, we observed a brain-speci ¢ di erential enrichment of datasets with considerably higher read depths, the encoregass
the H3K27ac activation tad={gure 11), which we propose to be 9genes that our analysis found uninformative may exhibit pes|

associated with the di erential reading of th&&pG imprints in consistent with monoallelic expression. Moreover, our approach
the brain. cannot rule out the possibility of monoallelic expression gsties

in which the levels of expression are below the limit of detect

of 12 reads per SNP accepted in our experimental design, or in
iIDMR Genotype-Phenotype Associations tissues that are not covered by the atlas set of 2,164 SRA RYA-S
By cross-referencing SNPs in a broad range of phenotypexperiments. Similarly, we cannot exclude the possibility tine
from large-scale GWAS repositories, we found the lead variaiDMRs are associated with the expression from the paternaéallel
rs1050919 in the?PARD6G-ASIDMR to exert cis methylation of coding and non-coding genes that are over 2.3 Mb away in
QTL eects 113,318 bp away, on thHEXNL4A gene at the either direction, which is the greatest physical distance betw
chrl8:77793182 hgl19 coordinate cg04727522 probe, in froneny known iDMR and the underlying controlled gene(s) (e.ge, th
cortex and caudal pons (genome-wigevalue 3.39 10 8  SNRPMSNURFRDMR) (Eggermann et al., 20).5

Frontiers in Genetics | www.frontiersin.org 12 March 2018 | Volume 9 | Article 36



de Sa Machado Aragjo et al. Decoupled Maternal 3"CpG Imprints

FIGURE 10 | Absence of a tissue-speci ¢ histone modi cation enrichment sgnature at the PARD6G-AS1and GCSAMLIDMRs. Hierarchical clustering analysis of the
histone modi cation enrichment pro les associated with matenal (A) gametic and (B) secondary iDMRs. The color intensity is correlated with thenagnitude of the
histone modi cation enrichment observed in tissues in whictthe genes are expressed either monoallelically or bialledily. Differential enrichment signatures in tissues
with monoallelic expression are revealed for th&RB10, MEGS8, and MAGEL2iDMRs. ThePARD6G-ASland GCSAMLIDMRs were associated with contrasting
chromatin segmentation marked by enrichment of activatiomnd repression marks, respectively.

A second signi cant limitation of the present study is that biallelic. Moreover, we are aware that metabolic dierences
the experimental setting does not permit us to assess celbetween cultured tissues and tissues collected by biopsy from
speci ¢ di erences in §'CpG methylation levels, RNA-Seq alleleliving or necropsy donors (e.g., the GTEx study) must be
expression, or enrichment of histone modi cations withingh kept in mind when trying to replicate our results with other
same homogeneous cells, which may add considerable noiselimsamples.
the tissue-speci city analysis reported here. We recogrtiz t The maternal origin of the BCpG imprints at thePARD6G-
the majority of experiments on"®CpG DNA methylation, RNA- AS1 gametic iDMR enables a direct interrogation of the
Seq and ChlIP histone modi cations from public repositories ar parental origin of the nondisjunction in trisomy 18 index case
conducted with tissue samples (e.g., a heterogeneous mixtuvithout the need to test gDNA from the progenitors, since the
of cell types), which may confound our ndings. It is possible,methylation levels at the iDMR will be di erential in cases of
for example, that a given gene is monoallelically expressematernally (skewed hypomethylation;0.33) versus maternally
in a parent-of-origin-dependent manner in just one cell typeinherited (skewed hypermethylation; 0.66) supernumerary
(e.g., platelets, lymphocytes or monocytes in peripheral Bloo&chromosome 18. This parent-of-origin-dependent epigenetic
while the expression prole in whole blood is consistentlyfeature of iDMRs was recently explored in the identi cation of

Frontiers in Genetics | www.frontiersin.org 13 March 2018 | Volume 9 | Article 36



de Sa Machado Aragjo et al. Decoupled Maternal 3"CpG Imprints

FIGURE 11 | H3K27ac is differentially enriched at th&sRB10 maternal iDMR in the brain(A) Distribution of the H3K27ac activation mark across th&sRB10 maternal
iDMR in 22 tissues and one stem cell line(B) A constitutively hemimethylated status is observed in alissue methylomes. The line traces ifA) correspond in color to
the tissue methylation pro les in(B). Despite the constitutive hemimethylated status, there ia brain-speci ¢ enrichment of H3K27ac, an activation mark, athe
GRB10iDMR; this enrichment is taken to be a differential signatarof the active paternal allele in the brain.

the parental origin of trisomy 21 nondisjunction on the basfs blood at the cg06092953 site (located 135 bp downstream
theWRBgametic iIDMR Qlves da Silva et al., 20116 from the newly validated?ARD6G-ASImaternal iDMR) and
We note that the maternally derived™&pG imprints at the increase in residual aggression scores across thee entir
the PARD6G-ASTand GCSAMLIDMRs displayed concordant Netherlands Twin Registervén Dongen et al., 20)5Thus,
methylation levels in 90 human placentas, with no evidencee hypothesize that heritability in uences the aforemengd
for epipolymorphism in 8'CpG DNA methylation level. The epigenetic association with aggression.
nding is consistent with the rapidly evolving concept that Similarly, the methylation status at the cgl18973878 site
only placenta-speci c maternal iDMRs represent stochastic,(e.glocated 179 bp upstream from the non-codingARD6G-
switchable) epipolymorphic traitsY(uen et al., 2009; Hamada AS1maternal iDMR) was recently identi ed as a cis-meQTL,
et al., 2016; Hanna et al., 2016; Sanchez-Delgado et &g)201signi cantly a ected when the rs11659843 SNP minor allele T
The epipolymorphism in placenta-speci ¢ maternal iDMRs isis transmitted from the father (genome-wigevalues of 1.95
interindividual (e.g., across individual placentas), anésinot 10 7 5.32 10 2% (Cuellar Partida et al., 20L.7The SNP
associated with distinct pro les generated by sampling di éren exerting the cis-meQTL e ect is intronic to the protein-codjn
sections of the same placentéen et al., 2009 PARD6Ggene, and it maps 79,598 bp (hgl19) away from the
Regarding other possible biological relevance of tREEG PARD6G-ASaternal iDMR, which evidently does not overlap
imprints, we note that signi cant abnormal hypomethylation the PARD6CGgene.
has been reported for individual CpG sites located within  We also note that within the?ARD6G-ASnaternal iDMR,
the PARD6G-ASIgametic iDMR in some patients with one evidence for haplotype-dependent allele-speci®CpG sites
of three imprinted defects. Between 3 and 9 CpG sites ateas been reported in several methylomBs (et al., 201% We
a ected in Beckwith-Wiedemann syndrome (the lowedd 1.01 propose that the epi-haplotypes above occur in a parent-of-
10 19) and transient neonatal diabetes (4.38 10 1)  origin-dependent manner and, thus, that they would be useful
patients, respectively, compared with matched control stbjecin studying susceptibility to complex imprinted genetic disas
(Docherty et al., 2004 while two encompassing CpG sites (Sanchez-Delgado et al., 20).6b
are impacted in pseudohypoparathyroidism patients ViiNAS We notice that a signi cant change toward a hypermethylated
cluster imprinting defectsochtus et al., 20)6 status at four CpG sitesb(dierences ranged fromCO0.15
An epigenome-wide association study of aggressive behavimr C0.22) within the chromosomal region corresponding to
showed a signi cant positive relationship® 9.0 10 /, the GCSAMLsecondary maternal iDMR has been reported in
FDR D 0.18) between the increase in methylation (over thgostmortem prefrontal cortex in one case of Klinefelter syorde
average intermediate level; mean 0.85,D 0.096) in venous (47,XXY karyotype) versus control malésgna et al., 2014 and
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the perturbation was subsequently con rmed in a second study Finally, we view as unusual the nding that the maternal
using venous blood samples from ve patients with KlinefeltersecondaryGCSAMLIDMR is not associated with a primary
syndrome (Van et al., 2016 The perturbed % CpG sites are iDMR within a 4.6 Mb genomic span. Canonical secondary
€g05639522, cg18198730, cg11166453, and cg07313626dgendMRs are found most frequently near functional gametic
widep-values ranged from3.8510 ® 5.07 10 7). The rst iDMRs. For example, in the case of the gametic IG-DMR and
Klinefelter case had comorbid schizophrenia along with @bt  the secondarfMEG3DMR (15.9 kb apart), there is evidence of
reduced cerebellum mass, and thali erence in methylation hierarchical regulation of imprinting in 14932. The IG-DMR
levels between the index case and sex-matched control samptegulates the methylation state of tidEG3DMR, but not
was 0.16 g D 1.35 10 8 (Viana et al., 2014 In both  vice versafeygo et al., 20)5Although our analysis does not
studies, the di erence from female controls was nonsignnta rule out the possibility of the occurrence of a primary iDMR
Thus, the supernumerary X chromosome in the index patientbeyond the 2.3 Mb limits in either direction, it appears that
may be the direct cause of the disturbance in the imprintedhe GCSAMLIDMR is the second example in humans of a
intermediate methylation at this autosomal locus. It folkthat secondary iDMR that lacks a primary iDMR. The rst reported
the epigenetic perturbance may be linked to the developmenDMR lacking a known constitutive, primary iDMR was the
and evolution of psychotic spectrum conditions, as has beematernalZDBF2iDMR (Kobayashi et al., 20).3In contrast to
suggested for di erential methylation of the candidate impged  the GCSAMLIDMR, the orphanZDBF2iDMR regulates the
GNAL gene with possible maternal e ects in the linkage tomonoallelic expression of theDBF2gene in at least 46 tissues
psychosis (reviewed irespi, 2008 On the other hand, we (Dataset S2BBaran etal., 20)5

showed herein that the supernumerary autosomes 13, 18, and

21 cause signi cant changes in the asymmetrical methytatio

statuses at this iDMR in the placenta. CONCLUDING REMARKS

we hypothegze that thG(?SAMLmatgrnal IDMR regulates We identi ed 125 constitutively hemimethylated domains het
the lung-specic, monoallelic expression AINF124 from

the paternal allele. Addressing this possibility will requirehnliman genome. T_wenty-nlne do_malns_ displayed asyr_nme_trlcal
o . 5MCpG imprints in gametes, including 18 oocyte-derived

establishing the parental origin of the expressed allelefs) a i . ;

carrying out functional genetics studies to determine trects and 11 spermatozoon-derived epigenetic marks, and those 29

of, for example, permanently perturbing the distaBCSAML domains were classi ed as candidate gametic (primary) iDMRs.

iDMR. ZNF124encodes a potential transcriptional factor, andlzec;r?;?j;r:;nieggngzpIT[;el\t/th)e/:I;at?/(\j/edgg:tl)rllizh;v;rﬁled;?[;gal
no variants have been agged in GWAZBNF124is a candidate y i

inheritance of the CpG constitutive imprints at th€ARD6G-
gene fo_r the Dandy-Walker complex at 1q42o0t et al., 20@7. ASland GCSAMLIDMRs and their disassociation from POEs
Interestingly, the reported Dandy-Walker complex proposnusm the allelic transcriptional expression pro les across aMtb
had a 5Mb segmental aneuploidy (spanning tE&F124, P P P

GCSAML,and OR2L13genes) of the 1q44 gter region due domain around each iDMR in multiple human primary tissues.

X . ur results also revealed the occurrence of a constitutivel
to a paternal 1(1;20) (q44,q13.33). Thus, in the scenario (??emimethylated nonimprinted domain sRWWP2AP1CGI- ’
maternal genomic imprinting, the monoallelic expression o th '

predicted paternal allele will be precluded in the haploinsu cie 1 with oocyte-derived methylation asymmetry. The matenall

. . . o inherited 8"CpG imprints at thePARD6G-ASTand GCSAML
patient, who would manifest the presumed imprinting defect as 3MRs are perturbed in hematonoietic cancers
pathogenic null mutation. P P ’

We view the testis-speci ¢ monoallelic expressiorOdt2L13
as indicative of allele exclusion rather than genomic impinig \WEB RESOURCES
coupled to the distantGCSAMLIDMR. The reasons are as
follows: the OR2L13gene encodes an olfactory receptor, andThe URLs for data presented herein are as follows:
the monoallelic expression of olfactory receptors is mediaie UCSC Genome Browser, https://genome.ucsc.edu/
epigenetic mechanisms leading to allelic exclusidar{ahan and BLUEPRINT project, http://www.blueprint-epigenome.eu/
Lomvardas, 20051t is worth noting that the abovementioned  GTEx Portal, https://www.gtexportal.org/
5Mb segmental aneuploidy of the 1d44jter region also NCBI SRA, https://www.ncbi.nlm.nih.gov/sra/
encompasses the cluster of olfactory receptor genes thaties! NCBI GEO, http://www.ncbi.nIm.nih.gov/geo/
OR2L13Poot et al., 2007 Roadmap Epigenomics Browser, http://www.
To date, the placenta is the only con rmed source of tissueroadmapepigenomics.org/
speci c iDMRs {Hanna et al., 2006 The candidatd.OC284240 WashU Epigenome Browser, http://epigenomegateway.wustl.
paternal iDMR occurs in the skin, lung, fetal brain cortexafet edu/
spinal cord, and placenta; therefore, it exempli es a new \eia FANTOM ZENBU Browser, http://fantom.gsc.riken.jp/
type of iDMR. We propose that the observed pituitary-speci czenbu/
monoallelic expression of tHeP11-567M16.1-LOC284240us dbGaP, http://www.ncbi.nlm.nih.gov/gap
is coupled to the novel candidate paternal iDMR represented PhenoScanner. http://www.phenoscanner.medschl.cam.ac.
by LOC28424(CGlI-2, rather than to the distanlPARD6G-AS1 uk/phenoscanner
maternal iDMR. e-GRASP, http://www.mypeg.info/egrasp
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(sncRNAs) (DASHR RNA [neg] track), the FANTOMS transcriptal start sites

(TSS peaks track) I(izio et al., 2017), the Ensembl Regulatory Build predicted
promoters (Ensembl Reg Build track)Gunningham et al., 2015, CpG islands and
CGl-bearing AMRSs (this study) and the comparative custom Fan AMR track
(Fang et al., 2012). A constitutive unmethylated status is observed across
PPP2R3BCGI-6 in gametes, as well as in healthy (golden ticks) and carcous
(orange ticks) adult tissues. The chromosomal position ohe region

corresponding to the Hpall-sensitive amplimer (PCR results track) is highlighted in
light blue withinPPP2R3B CGI-6.

Figure S2 | Validation of the intermediate methylation statuses at the
PARD6G-AS1 PWWP2AP1,and GCSAML DMRs by MSRE-PCR triplex assays.
Representative methylation pro les before and after digesn with the
methylation-sensitiveHpall restriction enzyme (A) PARD6G-AS1DMR,

(B) PWWP2AP1DMR, and (C) GCSAMLDMR. Each pro le generated from uncut
DNA consists of two control products (left and right peaks) ad a test product
(peak in the middle). The control products correspond to themplimers of a
chromosomal region known to be 100% unmethylated in the huma genome (left
peak) (see Materials and Methods for details) and a chromosaal region bearing
no Hpall sites (right peak). The?PARD6G-AS1DMR amplimer comprises the
common indel variant rs11281142 (MAF> 0.4), and thus, a heterozygous sample
yields two peaks representing the two variant alleles, one ith and the other
without the CTGTGGTGC insertion. Th6& CSAML DMR amplimer comprises two
peaks (255 and 257 bp), consistent with the addition of a %end A residue
overhang to the PCR product, since the two-peak product occus in 20 genomic
DNA samples tested, and the two annotated, encompassing, oa-base-pair indel
variants rs533592199 (-/G), and rs773445240 (-/T) reportechi dbSNP150 have
not been detected in over 841,883 public exomes {{HLBI 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 oneut of three
representative nuclear families that were informative fat least one SNP. The
biallelic methylation pro le at thePWWP2AP1hemimethylated CGI DMR was
con rmed using a second MSRE (hal) in two informative individuals (data not
shown).

Figure S3 | Constitutive hemimethylation statuses across the knowiGRB10
maternal iDMR.(A) Chromosome 7 ideogram; physical positions and domain
features of theGRB10 locus showing the methylation status at CpG sites (golden
ticks) across a 40 kb long-span view (hg19; chr7:50832014-8872013). The
image is centered on the CGl localized in th&&RB10 predicted promoter region,
labeled “GRB10 maternal iDMR” GRB10 CGI-1), which maps to a predicted
secondary promoter region upstream of the transcriptionastart site of the short
GRB10isoform. TheGRB10 locus is transcribed from the minus DNA strand. The
light green ticks represent the positions of the CpG sites. fle methylation levels
are represented on a scale from 0 to 1 (hypomethylated to hypenethylated). The
methylation levels across the CpG sites within th€&RB10 maternal iDMR range
from 0.35 to 0.65 in adult somatic tissues. In the same regionhowever, there is
asymmetrical methylation in gametes (hypermethylation wocytes and
hypomethylation in spermatozoa)(B) Cross-reference overlaps of theGRB10
maternal iDMR with differentially methylated regions repted in control-disease
methylomes and healthy placentas. The annotated featuresra (from top to
bottom) the exon-intron organization of the principal and leernative isoforms, the
evidence of large intergenic non-coding RNAs (lincRNA) argimall non-coding
RNAs (sncRNAs) (DASHR RNA [neg] track), the FANTOMS trangtional start
sites (TSS peaks track)l(izio et al., 2017), the Ensembl Regulatory Build predicted
promoters (Ensembl Reg Build track) and transcriptional éor binding sites (TFBS
summary track) Cunningham et al., 2015, CpG islands and the comparative
custom Fang_AMR track Fang et al., 2012. The GRB10 maternal iDMR overlaps
the domain known be differentially methylated in a maternairigin-dependent
manner in blastocysts and the placenta@kae et al., 2014; Hamada et al., 2016;
Sanchez-Delgado et al., 20163 (Okae_DMRs, Hamada_DMRs,

Sanchez_DMRs_set:l and Sanchez_DMRs_set:|l tracks, respiévely). GRB10
CGlI-1 also intersects the domains reported to be hypomethyld in
pseudohypoparathyroidism patients withGNAS cluster imprinting defects
(Rochtus et al., 2016) (Rochtus_DMR track) and the maternally derived™CpG
sites in placenta from {uen et al., 2017) (Yuen_5mCpG sites track). In the brain,
the short GRB10 isoform is expressed from the paternal allele from the promer
that overlaps the GRB10 maternal iDMR. In the placenta, the expression of the
long GRB10isoform is biased (0.79) toward the maternal allele

(Hamada_biased_maternal_PL track}Hamada et al., 2016), and it starts from the
promoter region that overlapsGRB10 CGI-2, which is constitutively
hypomethylated.

Figure S4 | The ZNF124locus has no overlapping hemimethylated CGls.

(A) Chromosome 1 ideogram; physical positions and domain feates of the
ZNF124locus showing the methylation status at CpG sites (goldendks) across a
40 kb long-span view (hg19; chrl1:247315500-247355499). Tk image is
centered on the CGl located in theZNF124 predicted promoter region. The
ZNF124locus is transcribed from the minus DNA strand. The light gen ticks
represent the positions of the CpG sites. Th&ZNF124 CGl is hypomethylated in all
shown BS-Seq methylomes.(B) Cross-reference overlaps of the predicted
differentially methylated regions reported in healthy ptentas. The annotated
features are as inFigure S3. In the placenta, there is evidence of biallelic
expression Hamada et al., 2016).

Figure S5 | The OR2L13locus has no overlapping hemimethylated CGls.

(A) Chromosome 1 ideogram; physical positions and domain feates of the
OR2L13locus showing the methylation status at the CpG sites (goldeticks)
across a 40 kb long-span view (hg19; chr1:248098501-24813800). The light
green ticks represent the positions of the CpG sites. Th©OR2L13 CGl, localized in
the OR2L13 predicted promoter region, is hypomethylated in all shown B-Seq
methylomes analyzed (average level of 0.24(B) Cross-reference overlaps of the
predicted DMR reported in healthy placentas across a 70kb leg-span view
(hg19; chr1:248098401-248168400). In the placenta (Hamad®MR track), there
are two intergenic predicted maternal DMRs 56.3 and 65.6 kb dwnstream,
respectively, of theOR2L13 CGI. The annotated features are as ifrigure S3.

Figure S6 | The RP11-567M16.1-LOC284240 locus exhibits a hemimethylated
CGl. (A) Chromosome 18 ideogram; physical positions and domain featres of the
RP11-567M16.1-LOC284240 locus showing the methylation status at the CpG
sites (golden ticks) across a 40 kb long-span view (hg19;
chrl18:77317230-77357229). The image is centered at the
RP11-567M16.1-LOC284240 CGI-2 predicted promoter region. The light green
ticks represent the position of the CpG sitesRP11-567M16.1-LOC284240 CGI-2
is hemimethylated (average level of 0.53) in several BS-Seaethylomes, including
those of the epidermis, esophagus, lung, fetal brain cortexfetal spinal cord, and
placenta tissues, with paternal rather than maternal methigtion asymmetry in
gametes (this study). The occurrence of a paternal primaryandidate iDMR is
consistent with the observation of monoallelic expressionf the locus in the
pituitary (this study).(B) Cross-reference for two predicted paternal DMRs
(Hamada_DMRs, hamada_1st_trim, Sanchez_pDMR_PL, and
Sanchez_pDMR_embryo tracks), none of which exhibit eithex constitutive or a
tissue-speci ¢ hemimethylation pro le.

Figure S7 | Predicted paternally-derived intermediate methylationtd OC284240
CGI-2. Methylation levels across CGI-2 at the predicted promer- anking region
of the LOC284240 locus. Note the paternally-derived 5'CpG asymmetry in
gametes and the intermediate methylation levels in BS-Seq ethylomes from
epidermis, lung, esophagus, gastric muscle, brain cortexfetal spinal cord, and
placenta. The hemimethylated status is not constitutive,iace, in spleen, liver,
blood, thymus, and the hESC-derived endodermal, mesodermizand endodermal
cell lines, there is a bias toward hypermethylation.
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