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Abstract

Background: Genomic imprinting affects gene expression in a parent-of-origin man-
ner and has a profound impact on complex traits including growth and behavior. While
the rat is widely used to model human pathophysiology, few imprinted genes have
been identified in this murid. To systematically identify imprinted genes and genomic
imprints in the rat, we use low input methods for genome-wide analyses of gene
expression and DNA methylation to profile embryonic and extraembryonic tissues at
allele-specific resolution.

Results: We identify 14 and 26 imprinted genes in these tissues, respectively, with 10
of these genes imprinted in both tissues. Comparative analyses with mouse reveal that
orthologous imprinted gene expression and associated canonical DNA methylation
imprints are conserved in the embryo proper of the Muridae family. However, only 3
paternally expressed imprinted genes are conserved in the extraembryonic tissue of
murids, all of which are associated with non-canonical H3K27me3 imprints. The discov-
ery of 8 novel non-canonical imprinted genes unique to the rat is consistent with more
rapid evolution of extraembryonic imprinting. Meta-analysis of novel imprinted genes
reveals multiple mechanisms by which species-specific imprinted expression may be
established, including H3K27me3 deposition in the oocyte, the appearance of ZFP57
binding motifs, and the insertion of endogenous retroviral promoters.

Conclusions: In summary, we provide an expanded list of imprinted loci in the rat,
reveal the extent of conservation of imprinted gene expression, and identify potential
mechanisms responsible for the evolution of species-specific imprinting.

Keywords: Rat, Mouse, Human, Genomic imprinting, Non-canonical imprinting, F1
hybrid, Allele-specific, DNA methylation, H3K27me3
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Background

The brown Norway rat is an important model for human pathophysiology [1]. To facili-
tate pharmacogenomic studies and the identification of disease-associated variants,
efforts have been made to assemble the rat genome [2] and measure the extent of genetic
variability between 40 distinct lab strains [3, 4]. However, despite the utility of the rat
in modeling human disease and recent advances in rat genomics, the mouse has been
and continues to be the predominant model species for foundational studies of mamma-
lian genetics. The discovery of genomic imprinting, for example, was enabled by nuclear
transfer and genetic technologies developed in the mouse [5—8] and numerous follow-up
studies of the molecular basis of imprinting have been carried out using mouse models.

This process of genomic imprinting results in monoallelic gene expression in a parent-
of-origin manner and is essential for mammalian growth and development. Recent stud-
ies in the mouse reveal that oocyte and sperm chromatin is “imprinted” by differential
epigenetic modifications that can be maintained in the embryo and adult [9]. Canonical
imprinted genes are regulated by parent-specific DNA methylation (DNAme) depos-
ited in spermatozoa or oocytes, resulting in differentially methylated regions (DMRs).
Imprinted DMRs are maintained on both alleles of the embryo, conferring parent-of-
origin monoallelic expression. While roughly 260 imprinted genes have been identified
in mouse, 63 of which are also imprinted in human [10], only 13 imprinted genes have
been reported in the rat to date [11]. Of note, 12 of these genes, including H19 and Igf2,
are regulated by DMRs deposited in the gametes, consistent with canonical imprinting.
Furthermore, as all 13 rat imprinted genes were characterized based on homology with
their mouse or human orthologs, no rat-specific imprinted genes have been reported.
Thus, the extent of genomic imprinting in rats, and the conservation of imprinting
between mammals, remains unclear. The lack of a comprehensive list of imprinted genes
in rats also hinders the application of comparative genomics to identify novel conserved
genomic features that may contribute to imprinting.

Recent studies in the mouse have shown that an alternative mechanism of genomic
imprinting, so-called non-canonical imprinting, mediates paternal-specific gene expres-
sion in extraembryonic tissues [12, 13]. Non-canonical imprints are distinguished from
canonical imprints by the lack of a DNAme imprint and the enrichment in oocytes of
histone 3 lysine 27 trimethylation (H3K27me3), a mark deposited by the Polycomb
repressive complex PRC2. Such maternal-specific H3K27me3 is replaced by DNAme in
extraembryonic tissues, resulting in a DMR which restricts expression from the mater-
nal allele [12—15]. While the molecular basis of this switch remains unknown, recent
studies in the mouse implicate GLP and G9A, which deposit H3K9me2 [16], in main-
taining maternal DNAme and imprinted gene expression in extraembryonic tissues [17,
18]. Of the ~7 known non-canonical imprinted genes identified in mice, only Sfimbt2 has
been confirmed as an imprinted gene in rat [11, 19]. Whether the other non-canonical
imprints, such as that controlling expression of the essential growth factor gene Gabl
[12, 13, 15, 20], are conserved, remains an open question [11, 21, 22].

Parent-of-origin-specific control of gene dosage is hypothesized to be the ultimate
driving factor for the evolution of genomic imprinting [23]. At the interface between
embryo and mother, the placenta is responsible for nutrient transport to the embryo,
and gene dosage in this tissue is critical for modulating resource allocation between the
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mother and embryo [21]. Indeed, the placenta shows the highest degree of imprinted
gene expression in human and mouse [24], and non-canonical imprinting is restricted
to the placenta [12, 21]. In an extreme case, in lieu of random X chromosome inactiva-
tion, female mice undergo inactivation of the paternal X chromosome in the placenta
[25]. However, the prevalence of non-canonical imprinting and imprinted X chromo-
some inactivation in species other than the house mouse (Mus musculus) has not been
explored.

While the catalogs of human and mouse imprinted genes have been generated over
four decades of clinical, cytogenetic, and complementation research [10], recent
advances in genomics have enabled the comprehensive identification of candidate
imprinted genes. By crossing genetically distinct individuals, F1 hybrids are generated
with homologous chromosomes that can be differentiated at the genic level in silico
using known genetic variants. Bioinformatic pipelines, such as our allele-aware tool
for processing epigenomic data (MEA) [26] and others such as WASP [27] and Allel-
ome.PRO [28], input data derived from F1 hybrids and generate maternal- and pater-
nal-genome-specific profiles. Importantly, parent-of-origin effects, including genomic
imprinting, can be delineated from genetic or strain-specific effects by generating Fls
from reciprocal crosses [29]. Together, allele-specific analysis of genic expression by
RNA sequencing (RNAseq) and DNAme levels by whole genome bisulphite sequencing
(WGBS) data derived from reciprocal F1 hybrids represent the gold standard for identi-
fying candidate imprinted genes genome-wide in a given tissue or cell type [30, 31].

In this study, we performed RNAseq and WGBS on reciprocal F1 hybrid rat extraem-
bryonic and embryonic tissues from early post-implantation conceptuses. Allele-specific
profiling of these datasets yielded extensive maps of parent-specific gene expression
and DNA methylation. In parallel, we generated similar datasets from matching mouse
extraembryonic and embryonic tissues. Comparisons between rat and mouse revealed
conserved canonical genomic imprints in the embryo proper but divergent non-canon-
ical imprinting in the extraembryonic tissue. Detailed inspection of species-specific
non-canonical imprinted loci reveal multiple potential mechanisms by which imprinted
expression may evolve, including recent insertions of endogenous retroviral promoters
that are subject to maternal-specific methylation following fertilization, as well as novel
ZFP57 binding motifs that arise through single-nucleotide substitutions. Finally, analysis
of H3K27me3 in rat oocytes reveals that species-specific deposition of this mark likely
explains the divergent non-canonical imprinting status of some genes in extraembry-
onic tissues. Altogether, these results provide an atlas of genomic imprinting, includ-
ing genome-wide maps of parent-of-origin gene expression and parent-specific DNAme
levels in the embryo and extraembryonic tissue, and reveal relatively recent evolutionary
divergence of non-canonical imprinting in murids.

Results

Measuring imprinted gene expression in the rat

Genetic variation between parental genomes is a prerequisite for the characteriza-
tion of the transcriptome and methylome with allele-specific resolution, and in turn
the systematic identification of putative imprinted genes. To produce embryos from
which genomic imprinting in the rat could be assessed, we conducted reciprocal
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Fig. 1 Imprinted gene expression in rat embryonic and extraembryonic cells. a Experimental design.

Two distinct reciprocal crosses of rat strains (BN/CrlCrlj, “B"and WKY/NCrICrlj, “W"and F344/NSlc, “F") were
conducted and cells from the E8.5 epiblast (Epi) and the ectoplacental cone (EPC) were collected. RNAseq
was performed on all samples (in duplicate or triplicate), and WGBS was performed in duplicate on BW/WB
matings. The maternal (red) strain is listed first in cross names. b Scatterplot of paternal expression ratios in
rat EPCs. The paternal expression ratio was averaged over 11 samples, and expressed transcripts (RPKM >1)
with sufficient allelic coverage (RPM >0.5) in at least 6 samples are shown (n=16,642). Transcripts showing
parent-of-origin imprinted gene expression (Student’s t test, Bonferroni-adjusted p-val <0.05) are colored red
(maternally expressed) or blue (paternally expressed). ¢ Rat genome browser screenshots of the maternally
expressed imprinted gene H19 and paternally expressed imprinted gene Igf2. For each cross, duplicates or
triplicates were merged and the mean expression level is displayed in reads per million (RPM). A subset of

all read alignments (gray) are highlighted if they originated from a maternal (red) or paternal (blue) alleles.
The genomic position of known Refseq genes and CpG islands (CGls) are included. d Ideogram karyotype
summary of imprinted gene expression identified using a combination of T-test and Limma in rat Epi and EPC
cells. Genes that show imprinted gene expression in human or mouse are indicated with an asterisk and tilde,
respectively. LOC103691708, Itgal, and genes showing maternal imprinted expression uniquely in EPC cells
and normally expressed in adult rat blood (RPKM >1) are not shown due to space limitations (see Additional
file 2: Table S1 for a full list of imprinted genes)

crosses of genetically distinct rat strains BN/NCrlCrlj, WKY/NCrlCrlj, and F344/
NSlc (hereafter referred to as “B,” “W,” and “F,” respectively) for which whole genome
sequences are available [3, 4] (Fig. 1a). Post-implantation F1 embryos were dissected
at Carnegie stage 7, corresponding to embryonic day 8.5 (E8.5) in rat. To agnostically
measure embryonic and extraembryonic gene expression, we performed strand-spe-
cific RNAseq on epiblast and ectoplacental cone (EPC) cells, respectively. Subse-
quently, to identify imprinted gene expression, we analyzed the reciprocal F1 RNAseq
datasets using MEA [26], which discriminates transcripts from each allele based
on informative parental SNVs as well as INDELs. Expressed autosomal transcripts
(RPKM >1) with sufficient allele-specific read coverage (allelic RPM >0.5 on either
allele in at least 6/11 replicates, n=13,164 and 16,642 transcripts for epiblast and EPC
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samples, respectively) were categorized as paternally or maternally expressed if they
showed statistically significant bias in monoallelic expression (Bonferroni-adjusted
p-value <0.05, Student’s ¢ test). Several genes previously reported as imprinted in
distantly related mammalian species including mouse, rat, human, and cow such as
Igf2 and Pegl0 [32-35] showed paternal allele-specific transcription in both epiblast
and EPC, while H19 showed maternal-specific expression (Fig. 1b,c & Additional
file 1: Fig. Sla), validating our RNAseq-based method and parameters for identify-
ing imprinted genes. In total, 18 paternally (Surpn, Magel2, Pegl0, Sgce, Igf2, Zrsrl,
Zdbf2, Sfmbt2, Salll, Gabl, Gstol, Rpl39l, Zfp516, Zfp64, Slc38al, LOCI108350526,
Syt16-AS, Gadll-3’UTR) and 11 maternally (Tssc4, Cd81, Ascl2, Trpm5, Mir675, HI9,
Grbl10, Maged2, Meg3, Rtl1-AS, Gnas) expressed imprinted genes were identified in
rat epiblast and EPCs using stringent cutoffs defined above. To identify genes that
show a bias in parental expression levels (in addition to monoallelic expression), we
performed linear modeling of allele-specific data using Limma. An additional 8 pater-
nally (Aigl, Wasf3, Pomtl, Tmem67, Tmem30b, Slc38a4, Arhgap32, and Ube3d) and
8 maternally expressed (Wdr27, Fam196b, Tbx3, Sppl, Igfbp3, LOC103691708, Itgal,
and Cdc42epl) genes were identified using conservative cutoffs (allelic RPM >0.5 on
either allele in at least 2 replicates per cross in either tissue, #=26,356 transcripts,
Benjamini-Hochberg adjusted p-value <0.05, eBayes F-statistic, >4-fold change in
expression between alleles) and are included in Fig. 1d (see Additional file 2: Table S1
for a full list of imprinted genes). While genes identified using Limma include the
known mouse imprinted gene Slc38a4 and show clear parent-of-origin expression
patterns, only Slc38a4 and LOC103691708 are associated with a DMR. We therefore
focused subsequent analyses on genes that met our stringent statistical cutoffs, as
defined above.

Consistent with previous findings in mouse and human [36], putative rat canonical
imprinted genes show parent-specific expression in epiblast and EPCs and are posi-
tioned in clusters such as H19/1gf2, Trpm5/Tssc4/Alsc2/Cd81, and Pegl0/Sgce (Fig. 1d
and Table 1). In contrast, putative non-canonical imprinted genes such as Sfmbt2, Gabl,
and Salll show paternal-specific expression exclusively in EPCs. Thus, allele-specific
expression analysis of epiblast and EPCs confirmed the classification of known canonical
and non-canonical imprinted genes. Furthermore, we identified 8 novel imprinted genes
in the rat, including Zfp516, Slc38al, Zfp64, Gstol, Rpl39l, Syt16AS, Gadll-3’'UTR, and
LOC108350526. As these genes have not been reported to be imprinted in other mam-
mals, we chose to characterize them in greater detail, as described below.

Identification of canonical differentially methylated regions in the rat

Having identified known and novel imprinted genes in rat based on allele-specific
expression patterns, we next sought to locate candidate regulatory regions responsible
for their parent-of-origin transcriptional regulation. Towards this end, we conducted
WGBS on the same cell types and used MEA to generate parent-of-origin-specific meth-
ylomes. To identify the complement of DMRs, including imprinted regions, we used DSS
[45, 46] and stringent statistical significance (p-adj <0.001) but lenient DNAme differ-
ence (delta >10%) filters and identified 45,119 and 9165 DMRs in EPC and epiblast sam-
ples, respectively (Additional file 3: Table S2). Notably, while the vast majority of DMRs
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Table 1 List of canonically imprinted genes identified in the rat and mouse

Genomic loci Chr. ¢gDMR Epi-DMR EPC-DMR Identified DMR type in Imprinting in
imprinted mice non-rodent
genes mammals©

H19-Igf2 1 Pat Pat Pat Igf2, H19 Pat Human, cow, pig,

opossum, wallaby

DIk1-Meg3 6 Pat N.L N.I. RtITAS, Meg3, Pat Human, cow, pig
mIRNA cluster

Rasgrfl 8  Pat Pat Pat Rasgrf1® Pat Pig

Peg3 1 Mat Mat Mat Peg3® Mat Human, cow, pig

Snrpn 1 Mat Mat Mat Snrpn, Snurf, Mat Human, cow, pig
Magel2

Inpp5f 1 Mat NI NI Mat Human, cow, pig

Kenglotl® 1 Mat NI NI Kcnglotl, Trom5, Mat Human, cow, pig
Tssc4, Ascl2, Cd81

Airn-Igf2r 1 Mat NI NI Igf2r° Mat Human, cow, pig,

opossum, wallaby

Plagl1 1 Mat Mat Mat Mat Human, cow, pig

Mcts2 3 Mat NI N.I. Mat Human

Nnat 3 Mat NI N.I. Mat Human, cow, pig

Gnas (Nespas- 3 Mat NI NI Gnas Mat Human, cow, pig

GnasXL)

Gnas (exon 1A) 3 Mat Mat Mat Gnas Mat Human

Sgce-Peg10 4 Mat Mat Mat Sgce, Peg10 Mat Human, cow, pig,

wallaby

Mest 4 Mat Mat Mat Mat Human, cow,

opossum, wallaby

Nap1l5 4 Mat N.I. NI Mat Human, cow, pig

Trappc9 7 Mat Mat Mat Mat Human

Sle38a4 7 Mat NI NI Slc38a4 Mat Pig

Zdbf2 9 Mat N.I. N.I. Zdbf2 Mat (transient) Human

Fkbp6 12 Mat NI NLI. Mat

Grbl10 14 Mat Mat Mat Grb10 Mat Human

Zrsrl 14 Mat Mat Mat Zrsrl Mat

Impact 18 Mat  Mat Mat Impact® Mat Cow

Cdh15 19  Mat NI Mat Mat (transient)

Pat Paternally methylated, Mat Maternally methylated, N.I. Not informative
2 Not annotated in rat
b These genes are reported to be imprinted (expressed) in rats in previous studies [11]

©One or more genes in the orthologous imprinted cluster have been reported to be imprinted in human, cow (and pig), or
marsupials [11, 35, 37-44]

found in EPCs are maternally methylated (n=40,427, 90%), a roughly equal number of
paternal and maternal DMRs were identified in epiblast samples (maternally methyl-
ated n=4386, 48%), which may reflect potential maternal somatic cell contamination or
incomplete resetting of parental DNAme levels in EPC samples. To identify imprinted
DMRs, we subsequently analyzed our previously generated rat oocyte and sperm
WGBS datasets [47] using stringent parameters [47] (see Additional file 4: Table S3 for
the complete list of data generated and analyzed in this study). Integrated analysis of
DNAme levels revealed a total of 5876 regions that show dramatic DNAme differences
(delta >50%) between gametes and the parental alleles of epiblast or EPCs (Additional
file 1: Fig. S1b & Additional file 3: Table S2). While 56% (270/484) of DMRs in epi-
blasts were apparently established in gametes, 50% (2,749/5,462) of DMRs in EPCs were
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hypermethylated in both gametes. Importantly, 45 DMRs are shared between all samples
(Additional file 1: Fig. S1c), a subset of which overlap CpG islands (CGIs) located near
known imprinted genes, such as the Peg3:CGI-promoter, Commd1/Zrsr1:CGI-promoter
(Additional file 1: Fig. S1d), Grb10:CGI-promoter, Impact:CGI-intragenic, Mest:CGI-
promoter, Surpn:promoter, HI19:promoter, and Kcngl:intragenic. Notably, DMRs were
also identified near the promoters of novel candidate rat-specific imprinted genes such
as Zfp516, Zfp64, and Syt16-AS (Additional file 1: Fig. Sle). These results validate our
agnostic approach for discovering DMRs between parental alleles of F1 hybrid rats, and
reaffirm that canonical imprinting of the previously described imprinted genes listed

above likely arose in a common ancestor over 90 million years ago.

Evolutionary conservation of imprinting in rat and mouse

We next wished to determine whether any of the candidate novel imprinted genes iden-
tified in the rat are imprinted in the mouse, using the same genome-wide approach used
for the rat. We generated RNAseq and WGBS data from reciprocal crosses of the well
characterized mouse strains C57BL/6N and JF1/Ms, hereafter referred to as “C” and “J,
respectively (Additional file 1: Fig. S2a). Embryos were again dissected at Carnegie stage
7, corresponding to E7.25 in mouse. Rat embryos at this stage were larger and more
elongated relative to mouse (Additional file 1: Fig. S2b-c), as previously observed [48,
49]. Analysis of allele-agnostic levels of transcript expression revealed a high concord-
ance between replicates and reciprocal crosses (Spearman correlation >0.93) in both rat
and mouse (Additional file 1: Fig. S2d-e), indicating these data are highly reproducible.
Using the Ensembl (Biomart) homologous gene annotation and hierarchical clustering of
gene expression levels in rat and mouse showed greater variation between epiblast and
EPC cell types in each species than inter-species variation of the same cell type (Addi-
tional file 1: Fig. S2f). These observations reveal that epiblast and EPC transcriptional
programs are distinct and strongly conserved between rat and mouse and confirm that
rat and mouse samples were indeed collected at roughly matching developmental stages.
Importantly, known imprinted genes such as H19 and Igf2 showed allele-specific expres-
sion and nearby DMRs in mouse epiblast and EPCs, as expected (Additional file 1: Fig.
S3a-c). Analysis of mouse F1 hybrid methylomes also uncovered an overrepresentation
of maternally methylated DMRs in EPC samples (Additional file 1: Fig. S3d-e & Addi-
tional file 3: Table S2). Integrated analysis with mouse gamete WGBS [50, 51] uncovered
452 DMRs shared between all samples (Additional file 1: Fig. S3e), 18 of which overlap
the 20 known gametic DMRs (Additional file 3: Table S2). Together, these data provide a
rich resource to investigate canonical and non-canonical genomic imprinting conserva-
tion between two species that diverged only ~13 million years ago [52].

Integrated analysis of matching expression and DNAme data enabled the unam-
biguous classification of rat genes into two categories: canonical and non-canonical
imprinted genes, the latter category being defined by a lack of a germline DMR and
imprinted expression restricted to the paternal allele in extraembryonic cells [12]. To
measure conservation of imprinted gene expression, as well as allele-specific methyla-
tion over nearby DMRs, we compared parent-of-origin gene expression and DNAme
levels between rat and mouse homologous genes. Twenty-one known imprinted genes
showed imprinted expression in both species, including 18 canonical genes (Snurpn,
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Fig. 2 Conservation of genomic imprinting in rat and mouse. a Heatmap of parental expression ratios

in rat and mouse Epi and EPC cells. Genes previously identified as imprinted in human are indicated with
an asterisk. b Heatmap of allele-specific DNAme levels over DMRs associated with imprinted genes in a.
The relative position of DMRs is included. DMRs that also show parent-specific methylation in human are
indicated with an asterisk. c-d Rat and mouse genome browser screenshots of the Kcng1 locus. Figure
legend as in Fig. 1c, with the addition of DNA methylation information. The average DNAme level over each
CpG is shown as individual bar plots, and CpGs covered by at least 1 allele-specific read (Epi, EPC) or 5 reads
(gametes) are shown. Pink indicates methylation of both alleles. Rat DMRs are included. In rat, a paternally
expressed unannotated antisense NcRNA is expressed from the gene body of Kcng1. The position of the
putative Kcnglot! imprinted CGI promoter is indicated by a dashed box. d The mouse Kcng! locus is shown
for comparison

Pegl0, Igf2, Zrsrl, Sgce, Magel2, Zdbf2, Tssc4, Cd81, Ascl2, TrpmS5, Mir675, HI9,
Grb10, Maged?2, Meg3, Rtl1AS, and Gnas) (Fig. 2a), many of which are adjacent to
gametic DMRs in both species (Fig. 2b), and 3 non-canonical genes (Sfmbt2, Salll
and Gabl), each with nearby EPC-specific DMRs. The conserved imprinting status
of Surpn, Magel2, Pegl0, Sgce, Igf2, Zdbf2, Mir675, H19, Grb10, Meg3, Rtl1AS, and
Gnas was expected, as they are also imprinted in humans, consistent with an origin of
imprinting in an ancient common ancestor [53-55].

Among the canonically imprinted genes identified in rat, the growth factor receptor
binding gene Grb10 shows maternal-biased expression in the epiblast and EPC and is
associated with a maternally methylated DMR established in the oocyte (Fig. 2a-b &
Additional file 1: Fig. S4a). The evolutionary conservation of maternal expression of

Page 8 of 32
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Grb10 is of particular interest as this gene shows maternal expression in mouse [56],
confirmed here (Grb10:CGI promoter), and isoform- and tissue-specific imprinting
in human [57]. While there is only one annotated isoform of Grb10 in rat, we find
that conservation of oocyte-specific DNAme at the CGI promoter is maintained in
embryonic and extraembryonic tissues associated with maternal-specific expression
in both cell types. De novo transcriptome assembly, described in detail below, clearly
revealed two major Grb10 isoforms in the rat, both of which are transcribed from the
maternal allele in epiblast and EPCs (Additional file 1: Fig. S4a), consistent with what
is observed in mouse.

Another canonically imprinted gene, the CCCH zinc finger gene Zrsrl, is paternally
expressed in association with a gametic maternally methylated DMR in mouse [58],
confirmed here (Zrsr1:CGI promoter) (Fig. 2a,b, Additional file 1: Fig. S4b). The Zrsrl
gene is intronic and antisense to Commdl, a maternally expressed gene, and the mater-
nally methylated Zrsr1:CGI promoter DMR is established in oocytes via Commad1 tran-
scription in mouse [59]. Of note, mouse, rat, and human all express Commad1 at high
(RPKM>15) levels in oocytes (Additional file 1: Fig. S4c). However, Commadl is bialleli-
cally expressed in human and is distal to ZrsrI (Additional file 1: Fig. S4d). Here, we show
that Zrsr1 is paternally expressed in association with a maternally methylated Zrsr1:CGI
promoter DMR in both mouse and rat (Fig. 2a,b). Thus, transcription of Commdl in
oocytes, coupled with the proximal positioning in murids of ZrsrI and its CGI promoter,
likely potentiated the co-evolution of Zrsrl and Commdl imprinting in this lineage.

Surprisingly, another canonically imprinted transcript in mouse and human, Kcnglotl,
was not identified in our allele-specific analysis. Kcnglotl is a paternally expressed non-
coding gene that is associated with silencing of adjacent genes, including Kcngl, Ascl2,
and Cd81 [53-55], resulting in their maternal-specific expression. Despite the apparent
lack of Kcnglotl in the rat, we confirmed maternal-specific expression of four ortholo-
gous imprinted genes: Ascl2, Cd81, TrpmS5, and Tssc4 (Fig. 2a), prompting us to explore
this genomic region in greater detail. Manual inspection revealed that Kcnglotl is not
annotated in the rat reference genome “rn6” and thus was not assayed by our pipeline.
However, there was a clear paternal-specific RNAseq signal in the gene body of Kcngl,
as in mouse (Fig. 2c,d). To define Kcnglotl and potentially other unannotated imprinted
genes in the rat, we performed de novo transcriptome assembly of rat epiblast and EPC
RNAseq data, agnostic to allelic assignment. This analysis uncovered an antisense tran-
script within the gene body of rat Kengl (Fig. 2c). Importantly, this transcript, which
shares 87% homology with mouse, is transcribed exclusively from the paternal allele
in rat epiblast and EPCs (Fig. 2a,c). Furthermore, mirroring the mouse Kcnglotl:CGI
promoter DMR (Fig. 2d), the CGI promoter of the putative rat Kcnglotl transcript is
hypomethylated in sperm and hypermethylated in oocytes, and maintenance of parental
DNAme levels is observed in epiblast and EPCs (Fig 2b,c). Indeed, agnostic identification
of all DMRs between parental alleles identified the rat Kcnglotl CGI promoter in both
epiblast and EPCs (Fig. 2c). The recently released “rn7” rat reference genome includes a
novel 32-kb ncRNA identified by the automated NCBI Eukaryotic Genome Annotation
Pipeline as LOC120099961 and manual inspection confirms this novel transcript is likely
the orthologue of mouse Kcngloti. Thus, in addition to in silico prediction approaches,
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allele-specific RNAseq and WGBS can be leveraged to identify imprinted ncRNAs that
are not annotated in the reference genome.

We next wished to determine whether non-canonical imprinted gene expression is
evolutionarily conserved [22]. Focusing on EPC-specific imprints, we found that three
genes previously identified as imprinted in mouse: Sfmbt2, Gabl, and Salll [12, 15,
17, 18], show paternal expression (Fig. 2a) as well as an associated maternally methyl-
ated DMR (Fig. 2b) in rat and mouse EPCs. A fourth imprinted gene that is regulated
by both maternal H3K27me3 and DNAme in mouse, Slc38a4 [18], shows 81% paternal
allele expression in rat but did not pass our stringent statistical cutoffs due to variability
between replicates (Additional file 2: Table S1). Notably, the bobby sox homolog gene
Bbx, one of the transiently imprinted genes associated with maternal H3K27me3 in mice
[12, 13, 60], is clearly biallelically expressed in rat (Additional file 2: Table S1). Other
non-canonical imprinted genes in mouse could not be assessed for allele-specific expres-
sion in rat due to a lack of parental genetic variation (Jadel and Smocl) or the absence of
an annotated ortholog (Platr4 and Platr20). Interestingly, none of the three non-canoni-
cal imprinted genes identified in rat are imprinted in human or macaques [61]. Together,
these data indicate that the establishment of non-canonical imprints at Sfmbt2, Gabl,
and Sall1 likely originated in the rodent lineage. Furthermore, the maintenance of their
imprinting status in both mouse and rat indicates that their dosage likely plays an impor-

tant role in extraembryonic development, at least in murids.

De novo identification of genomic imprinting in rat

While the application of cross-species comparisons of allele-specific expression and
DNAme data led to the identification of 21 orthologous genes imprinted in rat and
mouse, two factors constrain the comprehensive identification of imprinted genes
using this approach. Firstly, the Ensembl gene annotation, which we relied on to ana-
lyze orthologous genes, includes many genes in the mouse with no apparent ortholog in
the rat, including known imprinted genes, such as Kcnglotl (Fig. 2¢). If such orthologs
are actually present in the rat genome, our reliance on Ensembl annotations precludes
the comprehensive characterization of imprinting in the rat. Secondly, due to natural
divergence, the rat may truly lack genes that are orthologs to those present in the mouse
(such as Platr4), and vice versa. If so, novel imprinted genes in the latter category would
not be identified using the approach described above.

To circumvent the shortcomings associated with identifying novel imprinted genes
using homologous gene annotations (#=16,770 genes), we chose to use NCBI RefSeq
transcript (n=69,157 transcripts) annotations to calculate total and parental genome-
specific transcript expression levels, as reported above (Fig. 1). Additionally, since
imprinted gene expression may arise from unannotated promoters [15], we supple-
mented the NCBI Refseq gene annotations with de novo transcriptome assembly using
our epiblast and EPC RNAseq samples (#=3242 additional transcripts). Using these new
rat transcript annotations and employing the same statistical tests and filtering criteria
described above, we identified 8 novel putative imprinted genes in the rat that do not
show imprinting in the mouse in our data or in mouse imprinted gene databases (Fig. 3a
& Additional file 1: Fig. S5a-b). While an additional set of 33 genes were scored as mater-
nally expressed only in rat EPCs, we chose not to study these in greater detail because all
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Fig. 3 De novo genomic imprinting in rat. a,b Heatmaps of parental expression ratios and allele-specific
DNAme levels in rat and mouse Epi and EPC cells as in Fig. 2a,b. Imprinted genes in rat that are not imprinted
in mouse are shown. ¢,d Rat and mouse genome browser screenshots of the Zfp64 and LOC108350526

loci, two rat-specific imprinted genes. Browser tracks are as shown in Fig. 2c,d. The rat-specific transcript
LOC108350526 and syntenic mouse region is highlighted in green. The location of LTR retrotransposons
(RepeatMasker) is included

were found to be highly expressed (RPKM>1 from either allele) in adult blood and thus
may reflect an artifact of maternal decidua expression (Additional file 1: Fig. S5c-d, see
Additional file 2: Table S1). Thus, all putative rat-specific imprinted genes identified here
are imprinted in EPCs, in line with the observations in mouse and human that relative
to embryonic or somatic tissues, the placenta exhibits a greater level of parent-of-origin-
specific gene expression. Furthermore, as none of these 8 genes are imprinted in human,
their imprinting likely arose after the rat and mouse lineages diverged.

Consistent with non-canonical imprinting, post-fertilization DMRs are evident at
7/8 paternally expressed genes in rat EPCs, including LOC108350526, Zfp64, Zfp516,
Slc38al, Gadll-3'UTR, Syt16AS, and Rpl39l. Another chromatin mark, such as maternal
H3K27me3, may therefore be functioning as the imprint at these genes. As an example,
the promoter of the novel rat gene LOC108350526 shows rat-specific hypomethylation
in oocytes and sperm (Fig. 3b,c). Consistent with non-canonical imprinting, DNAme
on the maternal allele is acquired post-fertilization specifically in rat EPCs, resulting
in asymmetric parental DNAme levels in association with paternal-biased expression
(Fig. 3b,c). In mouse, the syntenic region of the rat LOC108350526 promoter is hyper-
methylated in the gametes and remains hypermethylated on both alleles following ferti-
lization (Fig. 3b,d). This transcript has no homolog in mouse or human, and its putative
open reading frame does not encode any known protein domain, suggesting it is a novel
non-canonical imprinted ncRNA that arose in the rat lineage. Interestingly, the nearby
gene Zfp64 shows clear paternal expression exclusively in rat EPCs (Fig. 3a,c). The CGI
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promoter of Zfp64 is maternally methylated in gametes in both rat and mouse, yet this
parental asymmetry is maintained only in rat EPCs, as the locus becomes hypometh-
ylated in the rat epiblast and mouse embryo (Fig. 3b,d). Consistent with the loss of
DNAme, TET1, a methyl-cytosine dioxygenase [62], is enriched at the Zfp64 CGI pro-
moter in mouse ESCs (Additional file 1: Fig. S5e), perhaps explaining the loss of DNAme
at this region in the mouse. The fact that LOC108350526 is located adjacent to Zfp64
makes this locus worthy of future investigations into the relationship between canoni-
cal and non-canonical imprinting (see “Discussion”). Taken together, these results indi-
cate that canonical genomic imprinting generally shows a greater degree of conservation
in mammals than does non-canonical imprinting, raising the question, what drives the
establishment of species-specific non-canonical imprinting?

Epigenetic profiling of rat oocytes

A common feature of the rat-specific imprinted genes identified here is paternal-spe-
cific transcription in extraembryonic tissue in the absence of a canonical DNA methyla-
tion imprint in oocytes. These are hallmark features of non-canonical imprinted genes
in the mouse, which were recently shown to depend upon H3K27me3 deposited by
PRC2 in oocytes [12, 13]. As noted previously, rat oocytes show relatively fewer hyper-
methylated loci than mouse oocytes (Additional file 1: Fig. S6a) [47], perhaps enabling
more widespread H3K27me3 deposition. We therefore hypothesized that rat-specific
non-canonical imprinted genes are associated with rat-specific H3K27me3 domains
in oocytes. To determine whether H3K27me3 is indeed enriched at rat-specific non-
canonical imprinted loci, we profiled fully grown rat oocytes (FGOs) by CUT&RUN
[63]. Additionally, we profiled H3K4me3 and H3K36me3, which generally mark the pro-
moter regions and gene bodies, respectively, of actively transcribed genes. Genome-wide
analysis revealed strong correlation between biological replicates, as well as between
H3K36me3 and DNAme levels, as shown previously in mouse oocytes (Additional
file 1: Fig. S6b) [47]. Additionally, we observed an anticorrelation between H3K27me3
and H3K36me3 in rat oocytes (Fig. 4a), consistent with the observation that H3K36me3
inhibits PRC2 activity in vitro [64, 65] and is anti-correlated with H3K27me3 in vivo
[66]. Chromatin state analysis using ChromHMM [67] revealed that H3K27me3 indeed
marks a larger fraction of the genome in rat than mouse oocytes (Additional file 1: Fig.
S6c). Conversely, H3K36me3 domains are more widespread in the mouse, likely reflect-
ing a greater prevalence of non-genic transcripts in the mouse [47]. Analysis of recently
published H3K27me3 CUT&RUN data from rat oocytes [68] reveals a strong correlation
with our data (Spearman rank correlation 0.95, Additional file 1: Fig. S6d), confirming
the reproducibility of this method. Additionally, rat oocyte and early embryo H3K27me3
levels are generally correlated (Spearman rank correlation >0.67, Additional file 1: Fig.
S6d), indicating that H3K27me3 levels are largely maintained in the rat embryo.

To directly compare rat and mouse oocyte epigenomes, we first assessed the enrich-
ment of H3K27me3, H3K36me3, H3K4me3, and DNAme levels across syntenic 1-kb
regions, which revealed globally similar distributions of each of these marks (Fig. 4b).
Indeed, genes expressed in rat and mouse oocytes show similar patterns of H3K4me3
and H3K36me3 over their promoters and gene bodies, respectively (Additional file 1:
Fig. S7a). However, in mouse, the gene bodies of silent genes were also enriched for
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Fig. 4 Species-specific H3K27me3 in oocytes is associated with species-specific non-canonical imprinting
Zfp64 and Zfp516, and transient imprinting of Bbx. a 2D scatterplot showing genome-wide H3K36me3 and
H3K27me3 levels over 1-kb bins in rat oocytes. Datapoints are colored by average oocyte DNAme levels.
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H3K4me3 (Additional file 1: Fig. S7a). Such “broad” H3K4me3 domains were previ-
ously identified in mouse oocytes [69-71] but were not observed in human oocytes
[72], raising the question of the evolutionary origins and biological relevance of such
domains. Rat and human H3K4me3 domains are on average 10kb (37%) smaller than
those in mouse (Additional file 1: Fig. S7b), including at the previously analyzed
Kdm4c promoter (Additional file 1: Fig. S7c). These results indicate that, with respect
to H3K4me3, rat oocytes may be more similar to human than mouse. Consistent
with the ChromHMM results and the relatively restricted distribution of H3K4me3,
species-specific H3K27me3-enriched regions were >3x more abundant in rat than
mouse (as measured in syntenic 1-kb bins, Fig. 4c). Why the distribution of these
chromatin marks differs so dramatically between these closely related species is an
intriguing question that awaits further investigation.
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We next focused on the epigenetic state of Gabl, Salll, and Sfimbt2, the three non-
canonical imprinted genes showing paternal allele-specific expression in both the rat
and mouse (Fig. 2a). Interestingly, all maternally methylated DMRs associated with these
loci overlap with an H3K27me3 domain in oocytes of both murids (Additional file 1:
Fig. S8a), confirming that non-canonical imprinting of these genes is conserved. In line
with our findings, H3K27me3 is clearly maintained at these loci to the blastocyst stage
in mouse and rat (Additional file 1: Fig. S8a). As recent reports have indicated that G9A
and GLP play an important role in establishment [17] and maintenance [17, 18] of non-
canonical imprinting, we analyzed our recent mouse oocyte H3K9me2 ChIP-seq data
[73] and found that Gabl, Sfimbt2, and Salll also overlap an H3K9me2 domain (Addi-
tional file 1: Fig. S8b). Taken together, these data are consistent with the model that
PRC2 and/or G9A/GLP play an important role in the establishment of non-canonical
imprints.

Unlike Gabl, Salll, and Sfmbt2, the 8 genes mentioned above (Fig. 3a,b) are not
imprinted in mouse, indicating that whatever the mechanism of imprinting establish-
ment at these loci, it occurred relatively recently (<13 million years ago) in the rat line-
age. Intriguingly, only LOC108350526 showed relatively higher levels of H3K27me3 and
concomitant lower levels of H3K36me3 and DNAme in rat compared to mouse oocytes
(Additional file 1: Fig. S9a). Indeed, a rat-specific H3K27me3 domain that overlaps with
the promoter of LOC108350526 is clearly present in rat but absent over syntenic regions
in mouse oocytes (Fig. 4d). Furthermore, while a maternal H3K27me3 domain exists at
the Zfp516 locus in both rat and mouse oocytes, the mouse H3K27me3 domain is adja-
cent to the Zfp516 promoter and covers a region 2—3x smaller than in the rat (Fig. 4e).
More specifically, the mouse H3K27me3 domain terminates at the gene body of Zfp516,
perhaps as a consequence of transcription-coupled H3K36me3 deposition in the mouse
oocyte. Indeed, Zfp516 is expressed in mouse (RPKM = 3.07) but not rat (RPKM < 0.00)
oocytes (Additional file 1: Fig. S9b). Thus, differential expression of Zfp516 in rat ver-
sus mouse oocytes correlates with a rat-specific H3K27me3 domain, which in turn may
regulate imprinted expression in rat EPCs. Indeed, both LOC108350526 and Zfp516
maintain H3K27me3 levels to the blastocyst stage in rat, demonstrating that these are
bona fide non-canonical imprinted genes (Additional file 1: Fig. S9¢c). Conversely, Bbx
is a transiently imprinted gene associated with maternal H3K27me3 in mouse [12, 13,
60] that is biallelically expressed in rat (Additional file 2: Table S1). Comparison of the
rat and mouse Bbx locus clearly reveals a mouse-specific H3K27me3 domain that over-
laps with the CGI promoter in oocytes (Fig. 4f). Taken together, these observations indi-
cate that the species-specific imprinting of a subset of genes in the mouse or rat may be
explained by the species-specific targeting of PRC2 in oocytes. Analysis of the remaining
rat-specific non-canonical imprinted genes did not reveal a difference in H3K27me3 lev-
els in oocytes, indicating that alternative epigenetic marks, and/or timing of H3K27me3
removal, is likely at play. For example, differences in H3K27me3 maintenance in early rat
and mouse embryos could give rise to species-specific imprinting. However, comparing
rat and mouse preimplantation embryo H3K27me3 data did not uncover any clear spe-
cies-specific maintenance over the 8 rat-specific non-canonical imprinted genes identi-
fied here. Only one such gene, Gstol, displayed partial loss of H3K27me3 levels at the
2C stage in mouse compared to robust maintenance to the blastocyst in rat (Additional
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Fig. 5 Rat-specific non-canonical imprinted gene Sic38a1. a Rat and mouse genome browser screenshots
of the SIc38aT locus. Slc38al is paternally expressed in rat and biallelically expressed in mouse EPCs. Tracks
are presented as in Fig. 2d. b Ensembl Region Comparison screenshot of the Slc38aT locus in rat (rn6), mouse
(mm10), and human (hg19). Syntenic regions are shown in green. The locations Refseq genes, LTRs, CGls
(purple), and ZFP57 binding motifs (orange) are shown. Rat EPC DMRs are included. The CGI promoter and

intronic DMR are highlighted in yellow and magnified (right panel) for clarity

file 1: Fig. S9c). Additional investigations into the dynamics of H3K27me3, H3K9me2,
and other repressive marks in mammalian embryos, combined with functional studies,
will hopefully provide insights into the relative importance of such repressive covalent
histone marks in the establishment and maintenance of extraembryonic non-canonical
imprinting.
Genetic differences can also contribute to species-specific imprinting. The Slc38a1
gene, which encodes an amino acid transporter, is another putative rat-specific non-
canonical imprinted gene (Fig. 3a). As an H3K27me3 domain overlaps the Slc38al pro-
moter in both rat and mouse oocytes and early embryos (Additional file 1: Fig. S9c),
H3K27me3 per se is apparently not sufficient to confer non-canonical imprinting. Analy-
sis of DNAme levels on the other hand reveals a rat-specific maternally methylated DMR
(Slc38al:intragenic ERVL/K) in EPCs (Fig. 3b) that overlaps with an MTD retroelement
(Fig. 5a,b). Analysis of sequence synteny uncovered two key aspects that differentiate
the rat Slc38al locus from that in the mouse. First, while the underlying intronic DMR
sequence is present in mouse, only the rat gene harbors a ZFP57 binding motif in the
differentially methylated MTD retroelement (Fig. 5b). Analysis of the MTD consensus
sequence [74] reveals that the rat MTD element gained two substitutions, resulting in
the genesis of a ZFP57 motif (GCAGCG --> GCGGCA). Interestingly, 7/39 distinct rat
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strains have a substitution (GCGACA) “away” from the MTD consensus that abrogates
the ZFP57 motif [75]. While the homologous sequence in mouse (GCAGCA) shares one
substitution with the rat, this sequence does not conform to a ZFP57 motif. No further
substitutions occurred over those 6 bases in any of the 36 sequenced mouse strains [76],
including JF1 [77]. Secondly, the canonical CGI promoter of Slc38a1 contains a rat-spe-
cific ERVK promoter insertion (Fig. 5b). Whether either of these features are causal for
the establishment of non-canonical imprinting remains to be tested, perhaps by ana-
lyzing rat strains that subsequently lost the ZFP57 motif. As maintenance of differen-
tial gametic DNAme at loci showing canonical imprinting is dependent upon ZFP57/
ZFP445 binding, it is tempting to speculate that the novel ZFP57 motif in the intron
of Slc38a1l plays an essential role in its non-canonical imprinting. Since rat gametes are
unmethylated at the novel ZFP57 motif, an allele-specific gain of maternal DNAme must
occur post-fertilization, perhaps in conjunction with loss of maternal H3K27me3 [14].
Further studies aimed at understanding how maternal H3K27me3 established in oocytes
is replaced by maternal-specific methylation in extraembryonic tissues will deepen our
understanding of the relationship between these repressive epigenetic marks and their

roles in non-canonical imprinting.

Alternate promoters of murid-specific non-canonical imprinted genes

Interestingly, maternally methylated DMRs that arise following fertilization frequently
overlap alternative promoters derived from ancient insertions of endogenous retro-
viruses [15, 17], which harbor strong promoters in their long terminal repeats (LTRs).
To assess the potential evolutionary conservation of LTRs in promoting imprinted gene
expression, we analyzed syntenic regions between rat, mouse, and human. For example,
the non-canonical imprinted gene Gabl is expressed from the paternal allele in rat and
mouse EPCs, in association with a maternal H3K27me3 imprint and an EPC-specific
DMR (Additional file 1: Fig. S10a). Importantly, the Gabl DMR overlaps an alternate
ERVK LTR promoter that drives paternal-specific expression of GablI in both species
(Additional file 1: Fig. S10b). Notably, this ERVK LTR is absent from the human genome,
implicating the insertion of this ERVK element in the rodent lineage in the provenance
of imprinted expression of Gabl. Similar to Gabl, a maternal H3K27me3 domain also
overlaps the Salll promoter in rat and mouse oocytes (Additional file 1: Fig. S10c), and
an upstream ERVK promoter present in rat and mouse but absent in the orthologous
human locus overlaps an extraembryonic DMR and drives paternal-specific expression
of Salll in EPCs (Additional file 1: Fig. S10d). Thus, in Muridae, both genes are likely
governed by an LTR-dependent non-canonical imprinting mechanism. While Salll
was predicted to be imprinted in human using in silico approaches [78], no empirical
data has yet been produced to support this conjecture. In contrast, while Sfimbt2 shows
imprinted gene expression in mouse and rat EPCs and overlaps a maternally depos-
ited H3K27me3 domain (Additional file 1: Fig. S10e), the promoter of this gene does
not overlap an annotated LTR element (Additional file 1: Fig. S10f). As five gaps exist in
the rat reference genome between the Sfinbt2 CGI promoter and the putative RLTR11B
ERVK alternate promoter identified in mouse [15], we cannot rule out the possibility
that an alternate promoter embedded in this region contributes to the imprinted expres-
sion of Sfimbt2 in the rat. Taken together, these results are consistent with the model that
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Fig. 6 X chromosome inactivation (XCl) in rat and mouse. a Rat and mouse genome browser screenshots

of the Xist locus. Refseq genes and CGls are included. CUT&Run (rat) and ChlIP-seq (mouse) data are shown

in counts per million (CPM). Xist is highlighted in green. b Violin plots showing the distribution of paternal
expression ratios of autosomal (top) and X chromosome (bottom) transcripts in rat and mouse epiblast and
EPC samples. Replicate 1 of mouse cross “CJ" was omitted due to an XO genotype. Differences in XClI skewing
between CJ and JC samples (bottom right) are likely due to differences in genome quality between the
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alternate promoters, particularly those provided by LTRs, play an important role in pro-
moting non-canonical imprinted expression of genes showing murid-specific imprints,
and that maternally deposited H3K27me3 likely serves as the gametically inherited
genomic imprint at many of these loci.

Imprinted X chromosome inactivation in rat

X chromosome inactivation (XCI) involves the random and widespread silencing
of genes on one X chromosome in adult female cells. During mouse embryogenesis
however, XCI is not always random, with the fidelity of XCI influenced by genetic
background. Indeed strain-specific XCI is observed across most adult mouse tissues
[79]. Furthermore, placental cells preferentially inactivate the paternally inherited
X chromosome in mice [25, 80], likely due to non-canonical imprinting of Xist [12,
13, 81]. Interestingly, a recent study showed that H3K27me3 is enriched at the Xist
gene in rat oocytes and early embryos [68], consistent with cytological evidence of
non-random XCI in yolk sacs [82] and our CUT&RUN data (Fig. 6a). To determine
whether either mode of XCI skewing occur in rat, we calculated the mean paternal
expression ratio of all autosomal and X-linked transcripts (Fig. 6b). Rat epiblast cells
do not show XCI skewing, suggesting that rat lab strains have not undergone suffi-
cient sequence divergence to favor allelic bias in XCI. However, in line with findings
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in mouse, the paternally inherited X chromosome is preferentially inactivated in

EPCs. Thus, imprinted XCI in the trophoblast lineage is conserved in rat and mouse.

Discussion

The rat is an increasingly utilized model organism. However, despite the relevance of

imprinted gene regulation in development, behavior, and physiology, few studies have

focused on genomic imprinting in this species. Indeed, only 13 imprinted genes have

been described in the rat thus far, all of which were previously identified in mouse or

human [11, 34, 68, 83]. Here, employing a genome-wide approach, we expand this list

Table 2 Non-canonical imprinted genes and associated DMRs in the rat

Gene Full name Chr. EPC-DMR Putative Gene Note
(Overlapping mechanism ontology
LTR-LTR underlying (process)
family) specie-
specific
imprinting
Gstol Glutathione chri NI Unknown Glutathione metabolic process
S-Transferase
Omega 1
Zfp64 Zinc finger chr3  Mat Oocyte Mesenchymal cell differentiation
protein 64 epigenome
(DNAme vs
H3K27me3)
LOC108350526 chr3  Mat (RMER13A/ Oocyte Unknown
RLTR20B3- epigenome
ERVK) (DNAme vs
H3K27me3)
Syt16AS Synaptotagmin chr6 ~ Mat (MTC- Unknown Exocytosis (Syt16)
(LOC102550910) 16 - antisense ERVL)
Gadl1-3'UTR Glutamate chr8  Mat (RMER3B-  Unknown Carboxylic acid metabolic
Decarboxylase ERVK) process (Gadl1)
Like 1
Slc38al Solute Carrier ~ chr7  Mat (RMER6B/  LTR insertion Amino acid transmembrane
Family 38 ORR1A4/MTD-  and ZFP57 transport
Member 1 ERVK/ERVL) motifs
Rpl391 Ribosomal Pro-  chr10 Mat Unknown Unknown
tein L39 Like
Sfmbt2 Scm like with chr17  Mat Common Negative requ-  Sfmbt2 is
four mbt imprinting lation of gene  essential for
domains 2 betweenrats  expression trophoblast
and mice maintenance
and placenta
development in
mice [84, 85].
Zfp516 Zinc finger chr18 Mat Oocyte Brown fat cell differentiation
protein 516 epigenome
(DNAme vs
H3K27me3)
Salll Spalt Like chr19 Mat (RLTR20B3- Common Heart/kidney/limb development
Transcription ERVK) imprinting
Factor 1 between rats
and mice
Gab1 GRB2 Associ- chr19  Mat (RLTR15- Common MAPK cascade/ Gab1 is essential
ated Binding ERVK) imprinting Angiogenesis  for development
Protein 1 between rats of placenta (syn-
and mice cytiotrophoblast)

in mice [20].
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to 19 canonical (Table 1, including the unannotated Kcnglotl) and 11 non-canonical
(Table 2) imprinted genes. We further characterize the epigenetic marks present at
these loci in oocytes as well as early embryonic tissues, and their association with par-
ent-of-origin regulated gene expression, thereby providing an unprecedented view of
the rat imprintome and the potential mechanisms by which imprinting is established.
However, comprehensive assessment of allele-specific gene expression and DNAme
levels depends on naturally occurring genetic variation between parental genomes,
which are absent at some regions in the three distinct rat strains used here. Therefore,
the full catalog imprinting in the rat will require additional studies. Further, while we
investigated the embryonic precursor cells to the placenta and the adult soma, some
genes are only imprinted in specific adult tissues. In addition, extraembryonic sam-
ples are frequently contaminated with maternal decidua, making it difficult to dis-
criminate between maternally expressed imprinted genes in our EPC samples from
genes that are normally expressed in adult blood. Finally, the rat reference genome
has many incomplete chromosome assemblies and gene model annotations. All of
these limitations can be rectified in future studies that profile additional tissues gen-
erated from distinct rat strain crosses using an updated reference genome.
Comparative analyses of imprinting in mice and humans indicate that the major-
ity of canonically imprinted genes are conserved between rodents and primates,
which diverged ~90 million years ago [86]. In contrast, we report the non-canoni-
cal imprinting of several genes in Muridae, including Sfmbt2, Gabl, and Salll, that
were not identified in recent screens of imprinting in humans [87] or macaques [61].
While we identified H3K27me3 deposited in oocytes as a putative imprint of these
three genes, further studies are required to determine whether H3K27me3 is essen-
tial for the establishment of their imprinting in rat. In addition to PRC2, G9A and
GLP were recently implicated in the establishment [17] and maintenance [17, 18] of
non-canonical imprinting in mouse. Indeed, imprinted expression of Gabl, Sfmbt2,
and Salll was shown to depend on both H3K9me2 and H3K27me3 pathways and all
three genes overlap an H3K9me2 domain in oocytes [73]. While G9A has low H3K27
methyltransferase activity in vitro [88], and ancestral SET domain proteins in Para-
mecium show both H3K9 and H3K27 methyltransferase activity in vivo [89], experi-
ments on the molecular basis of non-canonical imprinting revealed that imprinted
expression is disrupted in Eed maternal knockout embryos, coincident with loss of
maternal H3K27me3 [13]. Taken together, these observations indicate that H3K9
and H3K27 methylation are likely deposited by independent pathways and function
in a non-redundant manner. Whether establishment and maintenance of the 8 non-
canonically imprinted genes unique to the rat are subject to the same imprinting
pathways remains to be determined. Interestingly, recent studies profiling H3K27me3
levels in human, macaque, cow, pig, rat, and mouse embryos demonstrated that this
mark is maintained following fertilization only in rat and mouse [61, 68]. Whether an
alternate repressive pathway, such as G9A and GLP, compensates for the maintained
repression of the maternal allele of non-canonically imprinted genes in human, cow,
and pig remains to be determined. Furthermore, whether the imprinted expression
of rat-specific imprinted genes contribute to differences in rat and mouse physiology

and/or behavior remains to be established. Regardless, as the placenta is a particularly
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rapidly evolving tissue [90, 91], we speculate that the rapid evolution of non-canonical
imprinting may contribute to this process. Indeed, the idea that imprinting drove pla-
cental evolution and viviparity was the subject of a recent review [92]. Furthermore,
ERVK elements, which frequently overlap non-canonical imprints [15, 17], are a class
of retroviruses that have been implicated in the rapid evolution of the placenta [93].

Species-specific imprinted gene expression specifically in extraembryonic tissue
supports the model that the developing placenta is at the nexus of ongoing “parental
conflict” in gene dosage [23]. The most compelling evidence for the parental conflict
hypothesis is based on functional analyses of imprinted genes in the mouse, which reveal
that many such genes play a role in regulating embryo and offspring size [94]. Among
the novel imprinted genes identified in the rat, Zfp516 (79 and 51% paternal allele
expression in EPC and epiblast cells, respectively) is of particular interest. The mouse
orthologue is biallelically expressed (51% paternal allele expression) in epiblast and EPCs
(Additional file 2: Table S1) and is essential for embryogenesis and brown adipose tissue
(BAT) production [95]. Zfp516 binds and induces transcription of BAT genes, including
Uncoupling Protein 1 (Ucpl), which in turn regulates a host of BAT-enriched genes [95]
and is used as a biomarker for BAT in mouse and human [96]. This is consistent with
other imprinted genes linked to adipogenesis and fat metabolism, including Mest, Kif14,
Dik1, H19, Peg3, Pegl0, Grb10, and Cdknlc [97]. Thus, the recent evolution of Zfp516
imprinted regulation in the rat lineage, wherein expression from the paternal allele pro-
motes transcription and in turn brown fat production, including in the developing pla-
centa, is consistent with the parental conflict theory.

The rat-specific imprinting status of Slc38al is also noteworthy as four other genes
within the same gene family, Slc38a4, Slc22a18, Slc22a2, and Slc22a3, are imprinted in
the mouse. All these genes encode related solute carriers, and Slc38a4 is highly expressed
in the placenta, where nutrient transport is critical. Indeed, Slc38a4 knockout mice have
a placental phenotype affecting embryonic growth [98]. Canonical imprinting of Slc38a4
in mice is dependent upon transcription in oocytes of a murid-specific retroelement
that inserted upstream of the Slc38a4 CGI promoter [99], leading to de novo DNAme
of the canonical DMR. Notably, Slc38a4 is paternally expressed in the mouse placenta
[15, 100] and G9A-depleted embryos fail to maintain the maternally methylated DMR
[101], suggesting that both canonical and non-canonical imprinting mechanisms govern
Slc38a4 expression. Thus, in line with the observation that imprinted genes converge on
shared pathways [10], Slc38al represents a strong candidate rat-specific non-canonical
imprinted gene. Given the observed sequence-specific differences at the Slc38a1 CGI
promoter and intronic DMR, investigation of the relative roles of retroelement tran-
scription in EPCs and ZFP57 binding motifs in maintenance of post-fertilization gain of
maternal DNAme will likely yield important insights into the evolution of non-canonical
imprinting.

Slc38al and Zfp64, another rat-specific non-canonically imprinted gene, were
recently identified as paternally expressed in association with maternal H3K27me3
in mouse blastocysts [60]. However, the asymmetry in parental expression was
lost following implantation in mouse, which may explain why these genes were not
identified in previous studies focusing on post-implantation tissues such as EPCs.
Nevertheless, transient imprinting of mouse Slc38al and Zfp64 is in line with the
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observation that global levels of maternal H3K27me3 are maintained to the blasto-
cyst stage in murids [68]. In other words, Slc38a1 and Zfp64 are seemingly “primed”
for imprinting in rat and mouse, yet the maintenance of these imprints is specific to
the rat. Further analysis of such transient (to the blastocyst stage) and non-canoni-
cal imprinted genes will serve as important models for studying the provenance of
imprinting maintenance. Indeed, our meta-analysis of the Slc38a1 locus implicates a
gain of a putative ZFP57 binding site and/or an insertion of an alternate ERVK pro-
moter in the rat genome.

Zfp64 is a zinc finger protein that regulates mesenchymal differentiation via Notch
signaling in mouse [102]. Additionally, ZFP64 directly promotes the expression of
MLL in human leukemia [103]. While Zfp64 was found to be imprinted in the mouse
placenta [104], a recent extensive search for imprinted genes revealed only modest
(<70%) paternal-biased expression in an array of mouse tissues [105]. Here, we con-
firm these findings and show that Zfp64 is indeed biallelically expressed in embry-
onic (50% paternal expression) and extraembryonic (63% paternal expression) mouse
cells. Consistent with this observation, its CGI promoter is hypomethylated in both
cell types. In contrast, the rat Zfp64:CGI promoter is maternally methylated in asso-
ciation with imprinted expression (95% paternal expression) in ectoplacental cone
cells. The genomic imprint of the Zfp64:CGI promoter is conserved between rat and
mouse, in association with active transcription of a murid-specific MTC LTR ele-
ment in oocytes [47]. Notably, Zfp64 has not been reported as imprinted in human.
However, the Zfp64 CGI promoter lacks ZFP57 binding motifs in both rat and
mouse, and ZFP57 in mouse ESCs is not enriched at this region (data not shown),
as determined by ChIP-seq [106]. Thus, rat-specific imprinting of Zfp64 cannot be
explained simply by these sequence differences. However, species-specific demeth-
ylation of the Zfp64 CGI promoter could be due to differential activity of the TET
enzymes at this locus. Consistent with this possibility, TET1 is enriched at the Zfp64
CGI promoter in mouse ESCs. TET1 profiling in mouse and rat embryos would con-
firm whether differential active demethylation can result in species-specific imprint-
ing, and yield insights into ZFP57-independent modes of imprint maintenance.

In contrast to the genetic differences between rat and mouse Zfp64 and Slc38al,
rat-specific imprinting of Zfp516 and LOCI108350526 is associated with domains
of H3K27me3 in oocytes unique to the rat. While the molecular basis of PRC2
targeting in oocytes remains to be determined, H2AK119 ubiquitination is appar-
ently not required for maintenance of H3K27me3 or imprinted expression of non-
canonical imprinted genes after fertilization [107, 108]. Furthermore, although the
mechanism underlying the switch from maternally inherited levels of H3K27me3 to
maternal-specific dense DNA methylation in the extraembryonic lineage remains
unknown [14, 15, 22], the paternally expressed gene Zinc Finger DBF-Type Con-
taining 2 (Zdbf2) may offer insights. This gene is regulated by a maternally meth-
ylated somatic DMR that overlaps with a domain of H3K27me3 in oocytes and a
H3K27me3-to-DNAme switch was shown to be induced by active transcription
across the locus which, in turn, is promoted by an upstream paternally methylated
gametic DMR [109]. Indeed, genetic ablation of both DNMT1 and EZH2 results in
biallelic Zdbf2 expression in mouse zygotes [18]. Whether a similar phenomenon is
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at play at all non-canonical imprints that undergo H3K27me3-to-DNAme switching

remains to be tested.

Conclusions

In summary, our results provide the first atlas of genomic imprinting in the rat,
including 22 conserved and 8 novel candidate rat-specific imprinted genes. Notably,
several of the novel genes identified are imprinted specifically in placental precur-
sor cells and have been previously shown in other species to play an important role
in metabolism. Determining whether disruption of such non-canonical imprinting
impacts fetal and/or placental growth is an important avenue for future investigation.
Clearly, measuring the extent and conservation of imprinted gene expression in addi-
tional mammals, such as pig, cow, human, and macaques, complemented by inter-
rogation of genetic and epigenetic differences at species-specific imprinted loci, will
deepen our understanding of the evolution of genomic imprinting. Finally, there is an
increasing body of evidence implicating canonical imprinted genes in complex behav-
ioral traits [10, 110—114]. Our observation that canonical imprinted gene expression
is highly conserved in the rat opens the door to future mechanistic studies on the role
of these genes in behavioral and other traits in this increasingly tractable model.

Methods

Rat and mouse embryo collection

E8.5 F1 hybrid rat embryos were isolated from reciprocally crossing BN/CrlCrlj (BN
rat, Charles River) and WKY/NCrlICrlj (WKY rat, Charles River) strains as well as
between strains BN/CrlCrlj and F344/NSlc (F344/N rat, Japan SLC). E7.25 F1 hybrid
mouse embryos were isolated from reciprocally crossing C57BL/6N (Clea Japan) and
JE1/Ms (National Institute of Genetics) strains. For both rat and mouse embryos, the
ectoplacental cone (EPC) was dissected from the rest of the embryo before removing
the visceral endoderm (VE). Finally, the epiblast (EB) was dissected from the extraem-
bryonic ectoderm (ExE). Each ExE lysate was used for rapid genetic sex determination
by direct PCR amplification using primers for mouse Zfy (5'-CCTATTGCATGGACT
GCAGCTTATG-3' and 5-GACTAGACATGTCTTAACATCTGTCC-3') and rat Sry
(5'-CATCGAAGGGTTAAAGTGCCA-3" and 5-ATAGTGTGTAGGTTGTTGTCC-
3’). Only female epiblasts and EPCs were subjected to strand-specific RNA sequenc-
ing and whole genome bisulphite sequencing (in the case of BN-F344/N hybrids, only
RNA sequencing was performed).

Rat oocyte collection

GV stage rat oocytes were collected from the ovaries of 3—4-week-old BrlHan:WIST
(Clea Japan) rats 48—50 h after administration of PMSG. Briefly, cumulus-oocyte com-
plexes were collected in PB1 with 200 uM IBMX (Sigma), and subsequently incubated
in the presence of 5-10 pg/ml cytochalasin B for 5-10 min to loosen the connec-
tion between cumulus cells and oocytes. Then, the cumulus cells were mechanically
removed by repeated pipetting using a glass capillary, and the zona pellucida were
removed by brief incubation in acidic Tyrode’s solution.
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Strand-specific RNA library preparation and sequencing

One nanogram of embryonic total RNA was reverse transcribed using SMARTer
Stranded Total RNASeq Kit v2 - Pico Input Mammalian (Takara Bio) according to
the manufacturer’s protocols, in which Read 2 corresponds to the sense strand by the
template-switching reactions. The RNAseq libraries were quantified by qPCR using
KAPA Library Quantification Kit (Kapa Biosystems). All libraries were mixed and
subjected to paired-end 100 bp sequencing (paired-end 101 nt reads in which the
first 1 nt of Read 1 and the last 1 nt of Read 2 were trimmed) on HiSeq 2500 system
(Ilumina). For each library, reads were trimmed using Trimmomatic (v0.32) [115] to
remove 2 nucleotides of the 5’ end of read 2.

Whole genome bisulphite sequencing (WGBS)

One hundred nanograms of genomic DNA from JF1 (dam) and C57BL/6 (sire) mouse
hybrids was prepared for Methyl-seq (Illumina) library construction. Twenty nanograms
of genomic DNA from the other mouse and rat hybrid crosses was prepared for rPBAT
or tPBAT library construction. Each WGBS library was quantified using KAPA Library
Quantification Kit (Kapa Biosystems). The tPBAT libraries from BN (dam) and WKY
(sire) hybrids and Methyl-seq libraries were subjected to paired-end 150 bp sequencing on
HiSeq-X-Ten system (Illumina). The other tPBAT and rPBAT libraries were subjected to
paired-end 100 nt sequencing (paired-end 101 nt reads in which the first 1 nt of Read 1 and
the last 1 nt of Read 2 were trimmed) on the HiSeq 2500 system.

CUT and RUN library preparation and sequencing

CUT&RUN libraries were prepared as previously described [13] with some modifications.
Briefly, oocytes were incubated with rabbit anti-H3K27me3 antibody (1/100, Diagenode,
#C15410069), rabbit anti-H3K4me3 antibody (1/100, Active Motif, #39159), or rabbit anti-
H3K36me3 (1/100, Abcam, #9050) in a wash buffer (20 mM HEPES (pH7.5), 150 mM NaCl,
0.5 mM Spermidine, complete EDTA-free protease inhibitor cocktail, 0.02% Digitonin con-
taining 2 mM EDTA at 4°C on a plastic dish overnight. After the oocytes were washed twice
by the wash buffer on a plastic dish, they were incubated with Protein A-MNase (500 ng/
ml diluted in the wash buffer) provided by the Steven Henikoff Lab [63] at 4°C for 3 h on a
plastic dish. After washing twice, the oocytes were transferred into a 1.5-ml DNA LoBind
tube (Eppendorf) containing pre-activated BioMag Plus Concanavalin A (ConA) beads
(Bang Laboratories, Inc.). The sequential step of the antibody incubation followed by the
ConA binding prevents loss of oocytes during wash steps. After the oocytes were bound to
ConA beads and the buffer was replaced to the wash buffer, CaCl, was added at a final con-
centration of 2 mM to activate the MNase. After 20 min of digestion on ice, the digestion
reaction was stopped, DNA fragments were recovered, and DNA libraries were prepared
as described previously [13]. PCR amplification was performed for 11-15 cycles. Libraries
were sequenced on a NextSeq500 with single-end 75 bp reads (Illumina).

RNAseq read alignment and allele-agnostic quantification using a haploid reference
genome
Sequencing reads were trimmed using Trimmomatic (v0.32) and the following

parameters:
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SLIDINGWINDOW:3:10 MINLEN:36 ILLUMINACLIP:TruSeq2-3-PE.fa:2:30:10.
Read pairs that survived trimming were aligned to genome build mm10 or rné using
STAR (v2.4.0.i) and PCR duplicate reads were flagged using Picard MarkDuplicates
(v1.92). Library quality was assessed using samtools flagstat (v1.1) and Picard Collec-
tRNASeqMetrics. Uniquely aligned, non-PCR-duplicate reads were kept for down-
stream analysis using samtools parameters: samtools view -bh -q 255 -F 1540. NCBI
RefSeq mouse transcript annotations (#=106,520 transcripts, 35,977 genes) were down-
loaded from the UCSC Table Browser (last updated 2017-11-16). NCBI RefSeq rat tran-
script annotations (#=69,194 isoforms, 30,871 transcripts) were downloaded from the
UCSC Table Browser (last updated 2018-03-09). Transcript expression values were cal-
culated by averaging read coverage over exons using VisRseq (v0.9.12) and normalized
to the total number of aligned reads and transcript length in kilobases (RPKM). Genome
browser compatible normalized bigWigs were generated using bedtools genomecov
(v2.22.1).

Comparative analysis of mouse and rat homologous gene expression

Mouse and rat homologous gene annotations were downloaded from Ensembl Biomart
(n=14,297). Mouse and rat epiblast and EPC gene expression similarity matrices and
hierarchical clustering was subsequently generated using the Morpheus (Broad Insti-
tute) Spearman correlation tool on adjusted (log2(RPKM+1)) RPKM values. Mouse-rat
syntenic 1-kb bins (n= 1,899,360) were generated previously [47], and syntenic regions
were illustrated using Emsembl Comparative Genomics and Region Comparison tools.

Allele-specific RNAseq analysis using a diploid pseudogenome

Strain-specific SNVs and INDELs were downloaded from [3, 4, 76, 77], and diploid pseu-
dogenomes “C57BL/6NJ x JF1” and “BN/Mcwi x WKY/NCrl” and “BN/Mcwi x F344/N”
were generated using MEA. Allele-specific read alignment was performed using MEA
with default parameters. Allele-specific transcripts expression over exons was calculated
using VisRseq (v0.9.12), and the contribution of paternal allele transcript expression was
calculated using the formula:

Paternal bias = paternal coverage/ (paternal + maternal coverage)

Strand- and allele-specific bigWigs were organized into UCSC Track Hubs along with
reference-aligned bigWigs, as previously described.

Identifying rat imprinted genes

NCBI RefSeq rat transcript annotations (#=69,194 transcripts, 30,871 genes) were
downloaded from the UCSC Table Browser (last updated 2018-03-09), and total and
allele-specific transcript expression was quantified as described above. An additional set
of 3242 transcripts were identified by de novo transcriptome assembly using Stringtie
(v2.1.4) [116] and default parameters followed by merging with the NCBI Refseq tran-
script annotations using Stringtie --merge and default parameters. Transcripts were
filtered based on total (allele-agnostic) expression (RPKM >1) and allele-specific cover-
age (RPM >0.5). Paternal expression ratios were calculated as described above. Since
transcripts are not necessarily expressed in all cell types analyzed in this study, or do
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not necessarily overlap a parental genetic variant, a paternal bias score of “—2” or “—1
was specified to transcripts not expressed (RPKM < 1) or did not meet allelic thresholds
(allelic RPM <0.5), respectively. Student’s ¢ tests were performed on the paternal expres-
sion ratio value for each transcript that passed filtering criteria in at least 1 sample, and
Bonferroni correction was applied to the resulting P-values. Transcripts with an adjusted
p-value <0.05 and for which sufficient allele-specific and total coverage was reported in
at least 6 samples (rat) or 4 samples (mouse) were categorized as imprinted. It should be
noted that since extraembryonic tissues are located between maternal and embryonic
tissues, extraembryonic cell isolation can be contaminated with maternal decidua, which
can in turn confound and overestimate the number and extent of maternally expressed
imprinted genes [117]. An additional filtering step was performed for rat EPC samples,
whereby maternally expressed imprinted transcripts that are expressed in blood (RPKM
>1 from PRJEB23955 [118], 9 replicates) were discarded. To avoid the artifactual scoring
of maternally expressed transcripts caused by possible residual maternal decidua in rat
EPC samples, we further categorized 35/42 maternally expressed imprinted transcripts
as being normally expressed (allele-agnostic RPKM >1) in adult blood. Known imprinted
genes in mouse such as Ascl2, TrpmS5, and Tssc4 are included in the list of 35 genes,
reflecting stringent annotations. Given their shared imprinted status in mouse, Ascl2,
TrpmS5, and Tssc4 are reported in Fig. 1d and Fig. 2a,b.

An additional test for imprinted expression in rat was carried out using linear mod-
eling using Limma v3.50.1 [119] in R v4.1.2 [120]. Transcripts with allelic RPM >0.5 on
either allele in at least 2 replicates in both crosses (BWxWB and BFxFB) in either tis-
sue (epiblast or EPC) type were kept. An eBayes statistic was calculated following linear
model fitting using “ImFit’, and transcripts with an adjusted p-value <0.05 and a >4-fold
change in expression between parental alleles were kept. The same filtering step for
maternally expressed imprinted genes in EPC samples described above was applied. A
set of 37 imprinted genes were identified, 16 of which were not identified in the T-test
described above, and were included in Fig. 1d. Two genes identified by Limma, [tgal and
LOC103691708, are encoded on chromosome 2 and are not included in Fig. 1d due to
space limitations. See Additional file 2: Table S1 for the full list of imprinted genes iden-
tified by T-tests and Limma.

Identifying mouse imprinted genes

NCBI RefSeq mouse transcript annotations (#=106,520 transcripts, 35,977 genes) were
downloaded from the UCSC Table Browser (last updated 2017-11-16) and transcript
expression was quantified as described above in rat.

Agnostic identification of parent-specific DNA methylation
Sequencing reads were trimmed using Trimmomatic (v0.32) and the following
parameters:

SLIDINGWINDOW:3:10 MINLEN:36 ILLUMINACLIP:TruSeq2-3-PE.fa:2:30:10.
Read pairs that survived trimming were aligned to diploid rat or mouse pseudogenomes
(as described above) using MEA and Bismark (v0.16.3). Duplicate reads were removed,
and the number of methylated and unmethylated reads overlapping each CpG of the rat
or mouse genome was reported. This resulted in total (allele-agnostic) and maternal- and
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paternal-specific CpG report files. Replicates and reciprocal crosses were merged for
visualization and analyses. CpGs covered by at least 5 (total) or 1 (maternal or pater-
nal) sequencing reads were assessed for methylation levels and genome-wide tracks
were subsequently generated for visualization. The R package DSS v2.14.0 was used to
identify DMRs from replicate-merged allele-specific epiblast and EPC CpG report files
with smoothing enabled and default parameters. CpGs that showed greater than 10%
differential methylation levels between parental alleles with an associated p-value <0.001
were grouped into DMRs (Additional file 3: Table S2). DMR calls from epiblast and EPC
samples were merged using bedtools merge. DNAme levels were then re-calculated
from oocytes, sperm, and epiblast and EPC samples using bedops bedmap v2.4.39 (Neph
et al,, 2012). A final list of DMRs wherein all samples are covered by at least 2 CpGs and
showed a parental difference of >50% DNAme was created for rat and mouse (Addi-
tional file 1: Fig. S1b & Additional file 3: Table S2).

For each imprinted gene identified in the allele-specific RNAseq analysis, bedtools
Closest v2.27.0 was used to determine the nearest DMR to genic transcription start site.
DMRs located within 5kb upstream of an imprinted gene’s TSS were called as promoter
DMRs. The Salll DMR was determined by manual curation of an upstream ERVK pro-
moter element. The Magel2 DMR, which is shared with the Surpn gene, was determined
based on conservation with mouse and human DMRs as Magel2 is incorrectly assem-
bled in the rn6 reference.

CUT&RUN sequencing analysis
Sequencing reads were trimmed using Trimmomatic (v0.32) and the following
parameters:

SLIDINGWINDOW:3:10 MINLEN:20 ILLUMINACLIP:TruSeq2_SE.fa:2:30:10. Reads
that survived trimming were aligned to genome build mm10 or rné using Bowtie2 (v2.2.3)
and PCR duplicate reads were flagged using Picard MarkDuplicates (v1.92). Library qual-
ity was assessed using samtools flagstat (v1.1). Uniquely aligned, non-PCR-duplicate reads
were used for bigwig creation using deeptools bamCoverage (v3.3.0) and parameters:
--binSize 1,50,200 --smoothLength 0,100,2000 minMappingQuality 10 --normalizeUs-
ing CPM —ignoreDuplicates --ignoreForNormalization chrX chrM chrY --outFileFormat
bigwig.

Comparison of mouse and rat oocyte CUT&RUN data

Rat oocyte H3K4me3, H3K27me3, and H3K36me3 CUT&RUN Spearman correlation
metrics were calculated using RPKM levels over 10-kb genomics bins and the Morpheus
Similarity Matrix tool. Bins with at least 10 CpGs covered by at least 5 sequencing read
alignments separated by over 1 read length (n=246,622/285,920, 86%) were considered.
Conservation of epigenetic modification profiles in oocytes was measured by Spearman
correlation of RPKM and DNAme levels over 1-kb rat-mouse syntenic regions generated
previously [47] using the Morpheus Similarity Matrix function. Differential enrichment
of H3K27me and H3K36me3 levels as well as differential DNAme levels were calcu-
lated by subtracting the mouse signal from the rat and plotted as a 2D scatterplot using
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matplotlib pyplot. A contour plot illustrating the density of data points was generated
using seaborn kdeplot.

Rat GVO H3K4me3, H3K27me3, H3K36me3, DNAme [47], and RNAseq [47] data
was compared to mouse MII oocyte H3K4me3 [70], H3K27me3 [121], H3K36me3 [66],
DNAme [50], and RNAseq [70] over transcribed and repressed genes in oocytes. Gene
expression levels in the oocyte were calculated using the rat-mouse homologous gene
annotation described above. For each species, genes were categorized as expressed
(RPKM >1) or not (RPKM<1), and heatmaps were generated over both groups using
deeptools ComputeMatrix and PlotHeatmap functions for both species.

To directly compare rat, mouse, and human oocyte H3K4me3 peak sizes, human and
mouse oocyte H3K4me3 CUT&RUN data were downloaded from [72] as well as rat
[68] and reprocessed using the same parameters. SICER2 [122] was used with default
parameters to call peaks, and peaks within 3kb were grouped together. The distribution
of H3K4me3 peak sizes was plotted using VisRseq, and peak call files were converted to
bigBed for visualization in the UCSC Genome Browser [123].

Software used

Bedops (v2.4.39) [124], Bedtools (v2.22.1) [125], Bismark (v0.16.3) [126], Bowtie2 (2.2.3)
[127], Deeptools2 (v3.3.0) [128], DSS (v2.14.0) [45, 46], Limma (v3.50.1) [119], MEA
(v1.0) [26], Morpheus (Broad Institute), PicardTools(v1.92) [129], R base (v4.1.2)
[120], Samtools (v1.1) [130], Seaborn [131], SICER2 [122], STAR (v2.4.0.i) [132], String-
tie (v2.1.4) [116], Trimmomatic (v0.32) [115], UCSC Genome Browser [123], UCSC
Track Hubs [133], VisRseq (v0.9.12) [134]

Supplementary Information
The online version contains supplementary material available at https://doi.org/10.1186/513059-023-02869-1.

Additional file 1: Supplemental figures 1-10.

Additional file 2: Table S1. Data displayed in figure panels.

Additional file 3: Table S2. Rat and mouse differentially methylated regions.
Additional file 4: Table S3. Datasets generated and mined in this study.
Additional file 5. Allele specific RNAseq.

Additional file 6. Allele agnostic RNAseq.

Additional file 7. Syntenic 1kb regions oocyte epigenetic profiling.
Additional file 8. Rat and mouse oocyte 1kb bin DNAme levels.

Additional file 9. Rat 10kb bins epigenetic profiling.

Additional file 10. Review history.

Acknowledgements

We are grateful to Louis Lefebvre (University of British Columbia) for critical reading of the manuscript. We thank the two
referees for their careful review. Their comments and criticisms are appreciated and helped improve the manuscript. We
acknowledge Dr. Keisuke Tanaka (Tokyo University of Agriculture for library preparation and quality control and Dr. Aki-
hiko Sakashita PhD (KEIO University) for help preparing embryos. This research was enabled in part by support provided
by Compute Canada (www.computecanada.ca) and GenAP (genap.ca).

Review history
The review history is available as Additional file 10.

Peer review information
Tim Sands and Wenjing She were the primary editors of this article and managed its editorial process and peer review in
collaboration with the rest of the editorial team.


https://doi.org/10.1186/s13059-023-02869-1
http://www.computecanada.ca

Richard Albert et al. Genome Biology (2023) 24:48 Page 28 of 32

Authors’ contributions

TK, MO, MH, ST, and HK prepared the rat embryos. SK and HK prepared the mouse embryos. TT, AM, and HK generated
the RNAseq, WGBS, and PBAT sequencing libraries. Al generated CUT&RUN libraries. FM generated tPBAT libraries. AMS
and HK performed the literature search for known imprinted genes. KKorthauer informed statistical analyses. M.C.L,,
KKurimoto, M.CV.G.,, and HK supported the project. JRA processed the data, performed analyses, generated the figures,
and wrote the manuscript with M.C.L. All authors read and approved the final manuscript.

Authors’' Twitter handles

Twitter handles: @jrichardalbert (Julien Richard Albert); @a_z_usa__ (Azusa Inoue); @AnaMonteagudo4 (Ana Mon-
teagudo-Sanchez); @keegankorthauer (Keegan Korthauer); @maxvcg (Maxim Greenberg); @LorinczMatthew (Matthew
Lorincz)

Funding

This work was supported by Grants-in-Aid for Scientific Research (KAKENHI) from the Japan Society for the Promotion of
Science grants 21H02382 to H.K,18H05548 to TK., 18H05544 to T.K. and K.Kurimoto, 19H05754 to A.l, and The Sumitomo
Foundation grant 210348 to TK. This work was also supported by grants from the Cooperative Study Program (21-147)
of NIPS and the Cooperative Research Grant of the Genome Research for BioResource, NODAI Genome Research Center,
Tokyo University of Agriculture. JR.A. was supported by a Fondation pour la Recherche Médicale post-doc fellowship
(SPF202110014238). JR.A. and M.V.C.G. were supported by an Emerging Teams Grant and by the European Research
Council (ERC-5tG-2019 DyNAmecs). M.V.C.G was supported by a Laboratoire d'excellence Who Am 1? (Labex 11-LABX-
0071) Emerging Teams Grant. AM.S. was supported by an FRM (SPF202004011789) and ARC (ARCPDF12020070002563)
fellowships. K.Korthauer was funded by the BC Children’s Hospital Research Institute (BCCHRI) Investigator Grant Award
Program and Establishment Award, NSERC (RGPIN-2020-06200), and acknowledges support from Provincial Health Ser-
vices Authority, the Children’s and Women's Health Centre of BC, and the BC Children's Hospital Foundation. M.C.L. was
supported by a CIHR grant (PJT-166170) and an NSERC Discovery Grant (RGPIN-202102808).

Availability of data and materials

Sequencing datasets generated in this study have been deposited in GEO under the accession numbers: GSE185573
(rat oocyte epigenomes) [135], GSE185574 (rat and mouse allele-specific transcriptomes) [136], and GSE186492 (rat
and mouse allele-specific DNA methylomes) [137]. See Additional file 9: Table S3 for the full list of data analyzed for this
study.

Ad-hoc bash and python scripts for data filtering and plotting [138] and allele-specific expression analysis using Limma
[139] are available under a MIT license on GitHub. Stable versions of both repositories are also available in Zenodo under
a MIT license [140].

Declarations

Ethics approval
All experiments were performed in accordance with the animal care and use committee guidelines of the National
Institute for Physiological Sciences and Tokyo University of Agriculture.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

"Université Paris Cité, CNRS, Institut Jacques Monod, Paris, France. 2Division of Mammalian Embryology, Center for Stem
Cell Biology and Regenerative Medicine, The Institute of Medical Science, The University of Tokyo, Tokyo, Japan. *YCl
Laboratory for Metabolic Epigenetics, RIKEN Center for Integrative Medical Sciences, Yokohama, Japan. “NODAI Genome
Research Center, Tokyo University of Agriculture, Tokyo, Japan. °Department of Embryology, Nara Medical University,
Nara, Japan. 6Departmem of Biochemistry, Kyushu University Graduate School of Medical Sciences, Fukuoka, Japan.
’Department of Systems BioMedicine, National Research Institute for Child Health and Development, Tokyo, Japan.
8Center for Genetic Analysis of Behavior, National Institute for Physiological Sciences, Okazaki, Japan. 9Depar‘[ment

of Statistics, University of British Columbia, Vancouver, Canada. '°BC Children’s Hospital Research Institute, Vancouver, BC,
Canada. " Department of Medical Genetics, University of British Columbia, Vancouver, Canada.

Received: 21 April 2022 Accepted: 9 February 2023
Published online: 14 March 2023

References

1. Lindblad-Toh K. Genome sequencing: three’s company. Nature. 2004;428:475-6.

2. Gibbs RA, Weinstock GM, Metzker ML, et al. Genome sequence of the Brown Norway rat yields insights into mam-
malian evolution. Nature. 2004;428:493-521.

3. Atanur SS, Diaz AG, Maratou K, et al. Genome sequencing reveals loci under artificial selection that underlie
disease phenotypes in the laboratory rat. Cell. 2013;154:691-703.

4. Hermsen R, de Ligt J, Spee W, et al. Genomic landscape of rat strain and substrain variation. BMC Genomics.
2015;16:357.



Richard Albert et al. Genome Biology (2023) 24:48 Page 29 of 32

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33

34.

35.

36.
37.

38.

39.

40.

41.

Surani MA, Barton SC. Development of gynogenetic eggs in the mouse: implications for parthenogenetic
embryos. Science. 1983,222:1034-6.

Surani MA, Barton SC, Norris ML. Development of reconstituted mouse eggs suggests imprinting of the genome
during gametogenesis. Nature. 1984,308:548-50.

McGrath J, Solter D. Completion of mouse embryogenesis requires both the maternal and paternal genomes. Cell.
1984,37:179-83.

Cattanach BM, Kirk M. Differential activity of maternally and paternally derived chromosome regions in mice.
Nature. 1985;315:496-8.

Chen Z, Zhang Y. Maternal H3K27me3-dependent autosomal and X chromosome imprinting. Nat Rev Genet.
2020;3:1-17.

TucciV, Isles AR, Kelsey G, et al. Genomic imprinting and physiological processes in mammals. Cell.
2019;176:952-65.

Kobayashi H. Canonical and non-canonical genomic imprinting in rodents. Front Cell Dev Biol. 2021;9:713878.
Inoue A, Jiang L, Lu F, Suzuki T, Zhang Y. Maternal H3K27me3 controls DNA methylation-independent imprinting.
Nature. 2017,547:419-24.

Inoue A, Chen Z,Yin Q Zhang Y. Maternal Eed knockout causes loss of H3K27me3 imprinting and random X
inactivation in the extraembryonic cells. Genes Dev. 2018;32:1525-36.

Chen Z,Yin Q, Inoue A, Zhang C, Zhang Y. Allelic H3K27me3 to allelic DNA methylation switch maintains nonca-
nonical imprinting in extraembryonic cells. Sci Adv. 2019;5:eaay7246.

Hanna CW, Pérez-Palacios R, Gahurova L, et al. Endogenous retroviral insertions drive non- canonical imprinting in
extra-embryonic tissues. Genome Biol. 2019,20:1-17.

Tachibana M, Ueda J, Fukuda M, et al. Histone methyltransferases G9a and GLP form heteromeric complexes and
are both crucial for methylation of euchromatin at H3-K9. Genes Dev. 2005;19:815-26.

Zeng TB, Pierce N, Liao J, Szabo PE. H3K9 methyltransferase EHMT2/G9a controls ERVK-driven noncanonical
imprinted genes. Epigenomics. 2021;13:1299-314.

Andergassen D, Smith ZD, Kretzmer H, Rinn JL, Meissner A. Diverse epigenetic mechanisms maintain parental
imprints within the embryonic and extraembryonic lineages. Dev Cell. 2021;56:2995-3005.e4.

Wang Q, Chow J, Hong J, et al. Recent acquisition of imprinting at the rodent Sfmbt2 locus correlates with inser-
tion of a large block of miRNAs. BMC Genomics. 2011;12:204.

Itoh M, Yoshida Y, Nishida K, Narimatsu M, Hibi M, Hirano T. Role of Gab1 in heart, placenta, and skin development
and growth factor- and cytokine-induced extracellular signal-regulated kinase mitogen-activated protein kinase
activation. Mol Cell Biol. 2000;20:3695-704.

Hanna CW. Placental imprinting: Emerging mechanisms and functions. PLoS Genet. 2020;16:21008709-16.
Hanna CW, Kelsey G. Features and mechanisms of canonical and noncanonical genomic imprinting. Genes Dev.
2021;35:821-34.

Wilkins JF, Haig D. What good is genomic imprinting: the function of parent-specific gene expression. Nat Rev
Genet. 2003;4:359-68.

Babak T, DeVeale B, Tsang EK, et al. Genetic conflict reflected in tissue-specific maps of genomic imprinting in
human and mouse. Nat Genet. 2015;47:544-9.

Takagi N, Sasaki M. Preferential inactivation of the paternally derived X chromosome in the extraembryonic mem-
branes of the mouse. Nature. 1975;256:640-2.

Richard Albert J, Koike T, Younesy H, et al. Development and application of an integrated allele-specific pipeline for
methylomic and epigenomic analysis (MEA). BMC Genomics. 2018;19:463.

van de Geijn B, McVicker G, Gilad Y, Pritchard JK. WASP: allele-specific software for robust molecular quantitative
trait locus discovery. Nat Chem Biol. 2015;12:1061-3.

Andergassen D, Dotter CP, Kulinski TM, et al. Allelome.PRO, a pipeline to define allele-specific genomic features
from high-throughput sequencing data. Nucleic Acids Res. 2015;43:e146.

Wang X, Clark AG. Using next-generation RNA sequencing to identify imprinted genes. Heredity. 2014;113:156-66.
Li'Y, Li J. Technical advances contribute to the study of genomic imprinting. PLoS Genet. 2019;15:e1008151.
Hubert J-N, Demars J. Genomic imprinting in the new omics era: a model for systems-level approaches. Front
Genet. 2022;13:838534.

Barlow DP, Stéger R, Herrmann BG, Saito K, Schweifer N. The mouse insulin-like growth factor type-2 receptor is
imprinted and closely linked to the Tme locus. Nature. 1991,349:84-7.

Giannoukakis N, Deal C, Paquette J, Goodyer CG, Polychronakos C. Parental genomic imprinting of the human
IGF2 gene. Nat Genet. 1993;4:98-101.

Overall M, Bakker M, Spencer J, Parker N, Smith P, Dziadek M. Genomic imprinting in the rat: linkage of Igf2 and
H19 genes and opposite parental allele-specific expression during embryogenesis. Genomics. 1997;45:416-20.
Chen Z, Hagen DE, Wang J, et al. Global assessment of imprinted gene expression in the bovine conceptus by
next generation sequencing. Epigenetics. 2016;11:501-16.

Barlow DP, Bartolomei MS. Genomic imprinting in mammals. Cold Spring Harb Perspect Biol. 2014;6:a018382.
Dong Y, Jin L, Liu X, et al. IMPACT and OSBPL1A are two isoform-specific imprinted genes in bovines. Theriogenol-
ogy. 2022;184:100-9.

Bischoff SR, Tsai S, Hardison N, et al. Characterization of conserved and nonconserved imprinted genes in swine.
Biol Reprod. 2009;81:906-20.

Ding YY, Liu LY, Zhou J, et al. Detection of a novel single nucleotide polymorphism and imprinted status

analysis of the Ras protein-specific guanine nucleotide-releasing factor 1 gene in domestic pigs. Genet Mol Res.
2014;13:10574-81.

Oczkowicz M, Szmatota T, Pidrkowska K, Ropka-Molik K. Variant calling from RNA-seq data of the brain transcrip-
tome of pigs and its application for allele-specific expression and imprinting analysis. Gene. 2018;641:367-75.
Ahn J,Wu H, Lee J, et al. Identification of a Novel Imprinted Transcript in the Porcine GNAS Complex Locus Using
Methylome and Transcriptome of Parthenogenetic Fetuses. Genes (Basel). 2020;11:E96.



Richard Albert et al. Genome Biology (2023) 24:48

42.

43.

44,

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

74.

75.

76.

Suzuki S, Renfree MB, Pask AJ, et al. Genomic imprinting of IGF2, p57(KIP2) and PEG1/MEST in a marsupial, the
tammar wallaby. Mech Dev. 2005;122:213-22.

Suzuki S, Ono R, Narita T, et al. Retrotransposon silencing by DNA methylation can drive mammalian genomic
imprinting. PLoS Genet. 2007;3:e55.

Ishihara T, Griffith OW, Suzuki S, Renfree MB. Placental imprinting of SLC22A3 in the IGF2R imprinted domain is
conserved in therian mammals. Epigenetics Chromatin. 2022;15:32.

Feng H, Conneely KN, Wu H. A Bayesian hierarchical model to detect differentially methylated loci from single
nucleotide resolution sequencing data. Nucleic Acids Res. 2014;42:e69.

Park Y, Wu H. Differential methylation analysis for BS-seq data under general experimental design. Bioinformatics.
2016;32:1446-53.

Brind’Amour J, Kobayashi H, Richard Albert J, et al. LTR retrotransposons transcribed in oocytes drive species-
specific and heritable changes in DNA methylation. Nature. Communications. 2018;9:3331.

Huber GC. The development of the albino rat, Mus norvegicus albinus. J Morphol. 1915;26:247-358.

Brons IG, Smithers LE, Trotter MW, et al. Derivation of pluripotent epiblast stem cells from mammalian embryos.
Nature. 2007,448:191-5.

Shirane K, Toh H, Kobayashi H, et al. Mouse oocyte methylomes at base resolution reveal genome-wide accumula-
tion of non-CpG methylation and role of DNA methyltransferases. PLoS Genet. 2013;9:21003439.

Kubo N, Toh H, Shirane K, et al. DNA methylation and gene expression dynamics during spermatogonial stem cell
differentiation in the early postnatal mouse testis. BMC Genomics. 2015;16:624.

Kimura Y, Hawkins MT, McDonough MM, Jacobs LL, Flynn LJ. Corrected placement of Mus-Rattus fossil calibration
forces precision in the molecular tree of rodents. Sci Rep. 2015;5:14444.

Umlauf D, GotoY, Cao R, et al. Imprinting along the Kcng1 domain on mouse chromosome 7 involves repressive
histone methylation and recruitment of Polycomb group complexes. Nat Genet. 2004;36:1296-300.

Schertzer MD, Braceros KCA, Starmer J, et al. IncRNA-Induced Spread of Polycomb Controlled by Genome Archi-
tecture, RNA Abundance, and CpG Island DNA. Mol Cell. 2019;75:523-537.e10.

Chiesa N, De Crescenzo A, Mishra K, et al. The KCNQ1OT1 imprinting control region and non-coding RNA: new
properties derived from the study of Beckwith-Wiedemann syndrome and Silver-Russell syndrome cases. Hum
Mol Genet. 2012;21:10-25.

Miyoshi N, Kuroiwa Y, Kohda T, et al. Identification of the Meg1/Grb10 imprinted gene on mouse proximal chro-
mosome 11, a candidate for the Silver-Russell syndrome gene. Proc Natl Acad Sci. 1998;95:1102-7.

Blagitko N, Mergenthaler S, Schulz U, et al. Human GRB10 is imprinted and expressed from the paternal and
maternal allele in a highly tissue-and isoform-specific fashion. Hum Mol Genet. 2000;9:1587-95.

Hatada |, Kitagawa K, Yamaoka T, et al. Allele-specific methylation and expression of an imprinted U2af1-rs1 (SP2)
gene. Nucleic Acids Res. 1995;23:36-41.

Joh K, Matsuhisa F, Kitajima S, et al. Growing oocyte-specific transcription-dependent de novo DNA methylation
at the imprinted Zrsr1-DMR. Epigenetics Chromatin. 2018;11:28.

Santini L, Halbritter F, Titz-Teixeira F, et al. Genomic imprinting in mouse blastocysts is predominantly associated
with H3K27me3. Nat Commun. 2021;12:3804.

Chu C, Zhang W, Kang Y, et al. Analysis of developmental imprinting dynamics in primates using SNP-free meth-
ods to identify imprinting defects in cloned placenta. Dev Cell. 2021;56:2826-2840.e7.

Tahiliani M, Koh KP, Shen Y, et al. Conversion of 5-methylcytosine to 5-hydroxymethylcytosine in mammalian DNA
by MLL partner TET1. Science. 2009;324:930--5.

Skene PJ, Henikoff S. An efficient targeted nuclease strategy for high-resolution mapping of DNA binding sites.
Elife. 2017,6:221856.

Schmitges FW, Prusty AB, Faty M, et al. Histone methylation by PRC2 is inhibited by active chromatin marks. Mol
Cell. 2011;42:330-41.

Finogenova K, Bonnet J, Poepsel S, et al. Structural basis for PRC2 decoding of active histone methylation marks
H3K36me2/3. Elife. 2020,9:e61964.

Xu Q, Xiang Y, Wang Q, et al. SETD2 regulates the maternal epigenome, genomic imprinting and embryonic devel-
opment. Nat Genet. 2019;51:844-56.

Ernst J, Kellis M. ChromHMM: automating chromatin-state discovery and characterization. Nat Chem Biol.
2012;9:215-6.

Lu X, Zhang Y, Wang L, et al. Evolutionary epigenomic analyses in mammalian early embryos reveal species-spe-
cific innovations and conserved principles of imprinting. Sci Adv. 2021;7:eabi6178.

Dahl JA, Jung |, Aanes H, et al. Broad histone H3K4me3 domains in mouse oocytes modulate maternal-to-zygotic
transition. Nature. 2016;537:548.

Zhang B, Zheng H, Huang B, et al. Allelic reprogramming of the histone modification H3K4me3 in early mamma-
lian development. Nature. 2016;537:553-7.

Hanna CW, Taudt A, Huang J, et al. MLL2 conveys transcription-independent H3K4 trimethylation in oocytes. Nat
Struct Mol Biol. 2018;25:73-82.

Xia W, Xu J, Yu G, et al. Resetting histone modifications during human parental-to-zygotic transition. Science.
2019;365:353-60.

Au Yeung WK, Brind/Amour J, Hatano Y, et al. Histone H3K9 methyltransferase G9a in oocytes is essential for preim-
plantation development but dispensable for CG methylation protection. Cell Rep. 2019;27:282-93.

Bao W, Kojima KK, Kohany O. Repbase Update, a database of repetitive elements in eukaryotic genomes. Mob
DNA. 20156:11.

Smith JR, Hayman GT, Wang SJ, et al. The Year of the Rat: The Rat Genome Database at 20: a multi-species knowl-
edgebase and analysis platform. Nucleic Acids Res. 2020;48:D731-42.

Keane TM, Goodstadt L, Danecek P, White MA. Mouse genomic variation and its effect on phenotypes and gene
regulation. Nature. 2011,477:289-94.

Page 30 of 32



Richard Albert et al. Genome Biology (2023) 24:48

77.

78.

79.

80.

82.
83.

84.

85.

86.

87.

88.

89.

90.

ot
92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111,

12

Takada T, Ebata T, Noguchi H, et al. The ancestor of extant Japanese fancy mice contributed to the mosaic
genomes of classical inbred strains. Genome Res. 2013;23:1329-38.

Luedi PP, Dietrich FS, Weidman JR, Bosko JM, Jirtle RL, Hartemink AJ. Computational and experimental identifica-
tion of novel human imprinted genes. Genome Res. 2007;17:1723-30.

Calaway JD, Lenarcic AB, Didion JP, et al. Genetic architecture of skewed X inactivation in the laboratory mouse.
PL0S Genet. 2013;9:e1003853.

Borensztein M, Syx L, Ancelin K, et al. Xist-dependent imprinted X inactivation and the early developmental conse-
quences of its failure. Nat Publ Group. 2017;24:226-33.

Collombet S, Ranisavljevic N, Nagano T, et al. Parental-to-embryo switch of chromosome organization in early
embryogenesis. Nature. 2020;15:723-2.

Wake N, Takagi N, Sasaki M. Non-random inactivation of X chromosome in the rat yolk sac. Nature. 1976,262:580-1.
Pedone PV, Cosma MP, Ungaro P, et al. Parental imprinting of rat insulin-like growth factor Il gene promoters is
coordinately regulated. J Biol Chem. 1994,269:23970-5.

Miri K, Latham K, Panning B, Zhong Z, Andersen A, Varmuza S. The imprinted polycomb group gene Sfmbt2 is
required for trophoblast maintenance and placenta development. Development. 2013;140:4480-9.

Matoba S, Kozuka C, Miura K, et al. Noncanonical imprinting sustains embryonic development and restrains
placental overgrowth. Genes Dev. 2022,36:483-94.

Kumar S, Stecher G, Suleski M, Hedges SB. TimeTree: A resource for timelines, timetrees, and divergence times. Mol
Biol Evol. 2017;34:1812-9.

Zhang W, Chen Z,Yin Q, Zhang D, Racowsky C, Zhang Y. Maternal-biased H3K27me3 correlates with paternal-
specific gene expression in the human morula. Genes Dev. 2019;33:382-7.

Tachibana M, Sugimoto K, Fukushima T, Shinkai Y. Set domain-containing protein, G93, is a novel lysine-preferring
mammalian histone methyltransferase with hyperactivity and specific selectivity to lysines 9 and 27 of histone H3.
J Biol Chem. 2001,276:25309-17.

Frapporti A, Miré Pina C, Arnaiz O, et al. The Polycomb protein EzI1 mediates H3K9 and H3K27 methylation to
repress transposable elements in Paramecium. Nat Commun. 2019;10:2710.

Carter AM, Enders AC. Comparative aspects of trophoblast development and placentation. Reprod Biol Endo-
crinol. 2004;2:46.

Chuong EB. Retroviruses facilitate the rapid evolution of the mammalian placenta. Bioessays. 2013;35:853-61.
Kaneko-Ishino T, Ishino F. Evolution of viviparity in mammals: what genomic imprinting tells us about mammalian
placental evolution. Reprod Fertil Dev. 2019;31:1219.

Chuong EB, Rumi MAK, Soares MJ, Baker JC. Endogenous retroviruses function as species-specific enhancer ele-
ments in the placenta. Nat Genet. 2013;45:325-9.

Bartolomei MS, Ferguson-Smith AC. Mammalian Genomic Imprinting. Cold Spring Harb Perspect Biol.
2011;3:a002592.

Dempersmier J, Sambeat A, Gulyaeva O, et al. Cold-inducible Zfp516 activates UCP1 transcription to promote
browning of white fat and development of brown fat. Mol Cell. 2015;57:235-46.

Cypess AM, Lehman S, Williams G, et al. Identification and importance of brown adipose tissue in adult humans. N
Engl J Med. 2009;360:1509-17.

Small KS, Todorcevi¢ M, Civelek M, et al. Regulatory variants at KLF 14 influence type 2 diabetes risk via a female-
specific effect on adipocyte size and body composition. Nat Genet. 2018;50:572-80.

Matoba S, Nakamuta S, Miura K, et al. Paternal knockout of Slc38a4/SNAT4 causes placental hypoplasia associated
with intrauterine growth restriction in mice. Proc Natl Acad Sci U S A. 2019;116:21047-53.

Bogutz AB, Brind’Amour J, Kobayashi H, et al. Evolution of imprinting via lineage-specific insertion of retroviral
promoters. Nat Commun. 2019;10:1-14.

Okae H, Hiura H, Nishida Y, et al. Re-investigation and RNA sequencing-based identification of genes with
placenta-specific imprinted expression. Hum Mol Genet. 2012;21:548-58.

Auclair G, Borgel J, Sanz LA, et al. EHMT2 directs DNA methylation for efficient gene silencing in mouse
embryos. Genome Res. 2016;26:192-202.

Sakamoto K, Tamamura Y, Katsube K, Yamaguchi A. Zfp64 participates in Notch signaling and regulates dif-
ferentiation in mesenchymal cells. J Cell Sci. 2008;121:1613-23.

Lu B, Klingbeil O, Tarumoto Y, et al. A Transcription Factor Addiction in Leukemia Imposed by the MLL Pro-
moter Sequence. Cancer Cell. 2018;34:970-981.e8.

Wang X, Soloway PD, Clark AG. A survey for novel imprinted genes in the mouse placenta by mRNA-seq.
Genetics. 2011;189:109-22.

Andergassen D, Dotter CP, Wenzel D, et al. Mapping the mouse Allelome reveals tissue-specific regulation of
allelic expression. eLife. 2017;6:e146.

Strogantsev R, Krueger F, Yamazawa K, et al. Allele-specific binding of ZFP57 in the epigenetic regulation of
imprinted and non-imprinted monoallelic expression. Genome Biol. 2015;16:112.

Mei H, Kozuka C, Hayashi R, Kumon M, Koseki H, Inoue A. H2AK119ub1 guides maternal inheritance and
zygotic installation of H3K27me3 in mouse embryos. Nat Genet. 2021;53:539-50.

Chen Z, Djekidel MN, Zhang Y. Distinct dynamics and functions of H2AK119ub1 and H3K27me3 in mouse
preimplantation embryos. Nat Genet. 2021,53:551-63.

Greenberg MVC, Glaser J, Borsos M, et al. Transient transcription in the early embryo sets an epigenetic state
that programs postnatal growth. Nat Genet. 2016;49:110-8.

Lefebvre L, Viville S, Barton SC, Ishino F, Keverne EB, Surani MA. Abnormal maternal behaviour and growth
retardation associated with loss of the imprinted gene Mest. Nat Genet. 1998;20:163-9.

Li L, Keverne EB, Aparicio SA, Ishino F, Barton SC, Surani MA. Regulation of maternal behavior and offspring
growth by paternally expressed Peg3. Science. 1999;284:330-3.

Horsthemke B, Wagstaff J. Mechanisms of imprinting of the Prader-Willi/Angelman region. Am J Med Genet A.
2008;146A:2041-52.

Page 31 of 32



Richard Albert et al. Genome Biology (2023) 24:48

113. Glaser J, Iranzo J, Borensztein M, et al. The imprinted Zdbf2 gene finely tunes control of feeding and growth in
neonates. eLife. 2022;11:265641.

114. Bonthuis PJ, Steinwand S, Stacher Horndli CN, et al. Noncanonical genomic imprinting in the monoamine
system determines naturalistic foraging and brain-adrenal axis functions. Cell Rep. 2022;38:110500.

115. Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for lllumina sequence data. Bioinformatics.
2014;30:2114-20.

116. Pertea M, Pertea GM, Antonescu CM, Chang T-C, Mendell JT, Salzberg SL. StringTie enables improved recon-
struction of a transcriptome from RNA-seq reads. Nat Biotechnol. 2015;33:290-5.

117. Goncalves A, Leigh-Brown S, Thybert D, et al. Extensive compensatory cis-trans regulation in the evolution of
mouse gene expression. Genome Res. 2012;22:2376-84.

118. Sahm A, Bens M, Henning Y, et al. Higher gene expression stability during aging in long-lived giant mole-rats
than in short-lived rats. Aging (Albany NY). 2018;10:3938-56.

119. Ritchie ME, Phipson B, Wu D, et al. limma powers differential expression analyses for RNA-sequencing and
microarray studies. Nucleic Acids Res. 2015;43:e47.

120. R-Core-Team. R: A language and environment for statistical computing. Vienna: R Foundation for Statistical
Computing; 2021.

121. Zheng H, Huang B, Zhang B, et al. Resetting epigenetic memory by reprogramming of histone modifications
in mammals. Mol Cell. 2016;63:1066-79.

122. Zang C, Schones DE, Zeng C, Cui K, Zhao K, Peng W. A clustering approach for identification of enriched
domains from histone modification ChIP-Seq data. Bioinformatics. 2009;25:1952-8.

123. KentWJ, Sugnet CW, Furey TS, et al. The human genome browser at UCSC. Genome Res. 2002;12:996-1006.

124. Neph S, Kuehn MS, Reynolds AP, et al. BEDOPS: high-performance genomic feature operations. Bioinformatics.
2012;28:1919-20.

125. Quinlan AR, Hall IM. BEDTools: a flexible suite of utilities for comparing genomic features. Bioinformatics.
2010;26:841-2.

126. Krueger F, Andrews SR. Bismark: a flexible aligner and methylation caller for Bisulfite-Seq applications. Bioinfor-
matics. 2011;27:1571-2.

127. Langmead B, Wilks C, Antonescu V, Charles R. Scaling read aligners to hundreds of threads on general-purpose
processors. Bioinformatics. 2019;35:421-32.

128. Ramirez F, Ryan DP, Griining B, et al. deepTools2: a next generation web server for deep-sequencing data
analysis. Nucleic Acids Res. 2016;44:W160-5.

129. Broad-Institute. Picard toolkit. GitHub repository 2019.

130. LiH, Handsaker B, Wysoker A, et al. The Sequence Alignment/Map format and SAMtools. Bioinformatics.
2009;25:2078-9.

131. Waskom M. seaborn: statistical data visualization. J Open Source Software. 2021;6:3021.

132. Dobin A, Davis CA, Schlesinger F, et al. STAR: ultrafast universal RNA-seq aligner. Bioinformatics. 2013;29:15-21.

133. Raney BJ, Dreszer TR, Barber GP, et al. Track data hubs enable visualization of user-defined genome-wide anno-
tations on the UCSC Genome Browser. Bioinformatics. 2014;30:1003-5.

134. Younesy H, Moller T, Lorincz MC, Karimi MM, Jones SJM. VisRseq: R-based visual framework for analysis of
sequencing data. BMC Bioinformatics. 2015;16(Suppl 11):S2.

135. Kobayashi H, Inoue A, Kobayashi T, Richard Albert J. Conservation and divergence of canonical and non-
canonical imprinting in murids. Oocyte datasets. Gene Expression Omnibus. 2023. Available from: https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgizacc=GSE185573.

136. Kobayashi H, Kobayashi T, Richard Albert J. Conservation and divergence of canonical and non-canonical imprint-
ing in murids. RNAseq Datasets. Gene Expression Omnibus. 2023. Available from: https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE185574.

137. Kobayashi H, KobayashiT, Richard Albert J. Conservation and divergence of canonical and non-canonical imprint-
ing in murids. WGBS Datasets. Gene Expression Omnibus. 2023. Available from: https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE186492.

138. Richard Albert J. Code to reproduce ad hoc data filtering and figure plotting for Conservation and divergence of
canonical and non-canonical imprinting in murids. GitHub repository. 2023. Available from: https://github.com/
julienrichardalbert/the_rat_imprintome/releases/tag/v0.2.

139. Korthauer K. Code to reproduce allele-specific expression analysis for Conservation and divergence of canoni-
cal and non-canonical imprinting in murids. GitHub repository. 2023. Available from: https://github.com/kdkor
thauer/rat_imprintome/releases/tag/accepted-submission.

140. Korthauer K, Richard Albert J. Stable code repository for Conservation and divergence of canonical and non-
canonical imprinting in murids. Zenodo. 2023. Available from: https://doi.org/10.5281/zenodo.7551841.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Page 32 of 32


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE185573
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE185573
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE185574
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE185574
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186492
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186492
https://github.com/julienrichardalbert/the_rat_imprintome/releases/tag/v0.2
https://github.com/julienrichardalbert/the_rat_imprintome/releases/tag/v0.2
https://github.com/kdkorthauer/rat_imprintome/releases/tag/accepted-submission
https://github.com/kdkorthauer/rat_imprintome/releases/tag/accepted-submission
https://doi.org/10.5281/zenodo.7551841

	Conservation and divergence of canonical and non-canonical imprinting in murids
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Measuring imprinted gene expression in the rat
	Identification of canonical differentially methylated regions in the rat
	Evolutionary conservation of imprinting in rat and mouse
	De novo identification of genomic imprinting in rat
	Epigenetic profiling of rat oocytes
	Alternate promoters of murid-specific non-canonical imprinted genes
	Imprinted X chromosome inactivation in rat

	Discussion
	Conclusions
	Methods
	Rat and mouse embryo collection
	Rat oocyte collection
	Strand-specific RNA library preparation and sequencing
	Whole genome bisulphite sequencing (WGBS)
	CUT and RUN library preparation and sequencing
	RNAseq read alignment and allele-agnostic quantification using a haploid reference genome
	Comparative analysis of mouse and rat homologous gene expression
	Allele-specific RNAseq analysis using a diploid pseudogenome
	Identifying rat imprinted genes
	Identifying mouse imprinted genes
	Agnostic identification of parent-specific DNA methylation
	CUT&RUN sequencing analysis
	Comparison of mouse and rat oocyte CUT&RUN data
	Software used

	Anchor 32
	Acknowledgements
	References


