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Abstract 

Background  The primary differentially methylated regions (DMRs) which are maternally hypermethylated serve 
as imprinting control regions (ICRs) that drive monoallelic gene expression, and these ICRs have been investigated 
due to their implications in mammalian development. Although a subset of genes has been identified as imprinted, 
in-depth comparative approach needs to be developed for identification of species-specific imprinted genes. 
Here, we examined DNA methylation status and allelic expression at the KBTBD6 locus across species and tissues 
and explored potential mechanisms of imprinting.

Results  Using whole-genome bisulfite sequencing and RNA-sequencing on parthenogenetic and normal porcine 
embryos, we identified a maternally hypermethylated DMR between the embryos at the KBTBD6 promoter CpG island 
and paternal monoallelic expression of KBTBD6. Also, in analyzed domesticated mammals but not in humans, non-
human primates and mice, the KBTBD6 promoter CpG islands were methylated in oocytes and/or allelically methyl‑
ated in tissues, and monoallelic KBTBD6 expression was observed, indicating livestock-specific imprinting. Further 
analysis revealed that these CpG islands were embedded within transcripts in porcine and bovine oocytes which 
coexisted with an active transcription mark and DNA methylation, implying the presence of transcription-dependent 
imprinting.

Conclusions  In this study, our comparative approach revealed an imprinted expression of the KBTBD6 gene 
in domesticated mammals, but not in humans, non-human primates, and mice which implicates species-specific 
evolution of genomic imprinting.
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Background
Genomic imprinting plays a crucial role in the nor-
mal development and growth of mammals [1]. The epi-
genetic mechanisms underlying genomic imprinting 
include DNA methylation during mammalian embry-
onic development [2, 3]. Differentially established DNA 
methylation in the two parental germlines that survives 
demethylation during pre-implantation stages consists 
of epigenetic imprints and forces monoallelic expression 
of genes in close proximity [4]. As such, the primary dif-
ferentially methylated regions (DMRs) established in the 
germlines are often maternally hypermethylated (e.g., the 
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DMR at the SGCE/PEG10 locus serves as the imprinting 
control region (ICR) that drives paternal expression of 
these two genes), and these ICRs have been investigated 
due to their implications in mammalian growth and 
development [5–10]. However, although imprinted genes 
have been identified first in mice and humans in most 
cases and a subset of orthologous loci is imprinted in 
domesticated animals [11], there can be livestock-specific 
imprinting that has not been investigated. Our recent 
approach of the use of whole-genome bisulfite sequenc-
ing (WGBS) and RNA sequencing (RNA-seq) of porcine 
embryos that underwent parthenogenesis has facilitated 
verification of imprinting status of gene clusters [9, 12]. 
This facilitation was attributed to a direct sequencing 
comparison between parthenogenetic and biparental 
porcine embryos.

The Kelch superfamily of proteins including the Kelch 
repeat and BTB domain-containing protein (KBTBD) 
are involved in a number of cellular processes such as 
cell development, cytoskeletal arrangement, and pro-
tein degradation [13]. Among the Kelch family mem-
bers, KBTBD6 is one of the adapters that is required 
for assembly of the CUL3-KBTBD6/KBTBD7 ubiquitin 
ligase complex, which ubiquitylates T-lymphoma and 
metastasis gene 1 (TIAM1) and targets the protein to 
proteasomal degradation [14]. Subsequently, the deg-
radation of TIAM1, a guanine exchange factor (GEF) 
specific for RAC1 activation, leads to inactivation of 
RAC1-mediated signaling that controls a variety of cel-
lular responses including actin rearrangements, cell 
motility, and cell proliferation [15, 16]. Detailed imprint-
ing status of KBTBD6 in mammalian species including 
humans and mice has yet to be investigated, and recently, 
paternally preferential expression of KBTBD6 in pigs 
[17] and partial allelic methylation of the KBTBD6 pro-
moter CpG island in one tissue (dermal fibroblast) from 
dogs, cows, and pigs [18] have been documented. How-
ever, whether the paternal expression of KBTBD6 in pigs 
occurs concurrently with maternal imprints, i.e., mater-
nal methylation, in the promoter region remains to be 
examined. In addition, whether methylation in oocytes, 
but not in sperm, occurs in the KBTBD6 loci and what 
could be the mechanism of de novo DNA methylation 
in the maternal allele of the KBTBD6 promoter have not 
been investigated.

Here, we aimed to determine differential DNA meth-
ylation patterns within the potential promoter region of 
KBTBD6 between parthenogenetic and normal biparen-
tal pig embryos using WGBS. We found that a mater-
nally hypermethylated DMR encompasses the KBTBD6 
promoter in pigs and the porcine KBTBD6 expression is 
paternal allele-specific. Noticeably, within the KBTBD6 
locus, maternal methylation in oocytes and/or allelic 

methylation in tissues was only found in analyzed domes-
ticated mammals, but not in humans, non-human pri-
mates, and mice. Subsequently, monoallelic or biallelic 
expression of the KBTBD6 gene and neighboring genes 
was investigated by analyzing genome sequencing and 
RNA-seq data from the same individuals across mamma-
lian species. Furthermore, the potential mechanisms of 
de novo DNA methylation in porcine and bovine oocytes 
were investigated in relation to active transcription at the 
KBTBD6 promoter. Our results highlight imprinting in 
the KBTBD6 locus which may operate in domesticated 
mammals via paternal monoallelic expression.

Methods
Ethics statement
All animal procedures were approved by the Institu-
tional Animal Care and Use Committee (IACUC) of the 
National Institute of Animal Science, Rural Development 
Administration (RDA) of Korea (NIAS2015-670).

Sample collection
The method of in vitro maturation (IVM) of pig oocytes 
and production of parthenogenetic embryos has been 
described in our previous reports [19, 20]. In brief, ova-
ries from Landrace × Yorkshire × Duroc (LYD) pigs were 
obtained from a local slaughterhouse, and cumulus-
oocyte complexes (COCs) were collected and washed 
in Tyrode’s lactate-Hepes containing 0.1% (w/v) poly-
vinyl alcohol. For IVM, 50 COCs washed three times 
in TCM-199 based medium (GIBCO, Grand Island, 
NY, USA) were placed in each well of four-well dishes 
(Nunc, Roskilde, Denmark) containing 500 µL of matura-
tion medium and matured for 40–42  h at 38.5  °C in an 
incubator containing 5% CO2. Then, cumulus cells were 
removed, and oocytes having the first polar body were 
selected and placed in a fusion chamber with 250  µm 
diameter wire electrodes (BLS, Budapest, Hungary) cov-
ered with 0.3  mol/L mannitol solution. The fusion was 
achieved by two DC pulses (1  s interval) of 1.2  kV/cm 
for 30 µs using an LF101 Electro Cell Fusion Generator 
(Nepa Gene Co., Ltd., Chiba, Japan). After 2  h of stabi-
lization, 200 parthenogenetic (PA) embryos were placed 
into oviducts of each of the two LYD surrogate gilts aged 
12 months at the onset of estrus to develop the embryos. 
To produce fertilized control (CN) embryos, two LYD 
gilts were naturally mated with boars twice with a 6-h 
interval during the natural heat period at the onset of 
estrus. The PA and CN embryos were recovered from 
the euthanized surrogates and gilts, respectively, at d 21 
from the onset of estrus to ensure occurrence of monoal-
lelic expression after the blastocyst stage [21] and non-
occurrence morphological changes of parthenogenetic 
embryos which are shown at approximately d 30 [22]. The 
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recovery was carried out by sectioning their reproductive 
tracts, isolating placenta from the uterus, and separating 
embryos from the surrounding placenta. Morphologi-
cally intact embryos with comparable sizes were selected 
for further experiments and stored in liquid nitrogen 
until further use.

Whole‑genome bisulfite sequencing
DNA methylomes were constructed independently for 
each individual in each CN and PA group to reduce 
genetic variability. For WGBS data generation, genomic 
DNA was isolated from the whole collected CN and 
PA embryos (two biological replicates for each group) 
and fragmented. The fragmented DNA (200  ng) was 
subjected to bisulfite conversion using the EZ DNA 
Methylation-Gold Kit (Zymo Research, Irvine, CA, 
USA). The Accel-NGS Methyl-Seq DNA Library Kit 
(Swift Biosciences, Inc., Ann Arbor, MI, USA) was 
used to construct the DNA library using 1  ng of DNA 
according to the manufacturer’s instructions. PCR was 
conducted with adapter primers and Diastar™ EF-Taq 
DNA polymerase (Solgent, Daejeon, Korea) under the 
following thermal conditions: 3  min at 95  °C followed 
by 10 cycles of 30 s at 95  °C, 30 s at 60  °C, and 30 s at 
72  °C, and a final extension for 5  min at 72  °C. After 
bead-based clean-up, the DNA library was sequenced to 
generate 151-nucleotide paired-end reads using HiSeqX 
sequencer operated by Macrogen Inc. (Seoul, Korea). 
The raw reads were trimmed and filtered out to remove 
adapters and reads shorter than 20  bp by using Trim 
Galore (v0.4.5), remaining 846.5 (CN1), 866.5 (CN2), 
839.7 (PA1), and 849.2 (PA2) million cleaned reads. 
Mapping to the pig reference genome (susScr11) was 
conducted using the Bismark aligner (v0.22.3) [23] with 
default parameters and, after deduplication of 14.30%, 
14.58%, 14.82%, and 13.00% of alignments for CN1, 
CN2, PA1, and PA2 embryos, respectively, using dedu-
plicate_bismark, the methylation ratio of every cytosine 
in CpGs was extracted using the Bismark methylation 
extractor with default settings including ‘–no_overlap’ 
for paired-end reads.

RNA sequencing
To produce transcriptome, RNA-seq was performed with 
total RNA isolated from the whole collected CN and PA 
embryos (two biological replicates for each group) using 
TRIzol reagent (Sigma-Aldrich, USA) following the man-
ufacturer’s instructions. The RNA samples, treated with 
Dnase I to avoid genomic DNA contamination, were elec-
trophoresed in 1.2% agarose gels to evaluate the integrity 
of RNA, which was then confirmed by more than two of 
28S/18S rRNA ratio and more than 7 of RNA integrity 
number (RIN) using an Agilent 2100 BioAnalyzer. Using 

the ratios of A260/280 and A260/230 (1.8–2.0), the concen-
trations of RNA were assessed. One μg of total RNA was 
used to construct cDNA libraries with the TruSeq RNA 
Sample Prep Kit v.2 (Illumina, San Diego, CA, USA). 
Quantification of the cDNA libraries was done by quan-
titative Real-Time PCR (qPCR) according to the qPCR 
Quantification Protocol Guide, and qualification of the 
libraries was assessed using the Agilent 2100 Bioanalyzer. 
The Illumina HiSeq2500 RNA-seq platform was used to 
sequence the library products (100 nt paired-end). After 
adapter trimming and quality filtering, the number of 
remaining cleaned reads were approximately 77.2 (CN1), 
73.3 (CN2), 80.5 (PA1), and 80.7 (PA2) million cleaned 
reads were retrieved. STAR aligner (v2.7.5) [24] was used 
to align the reads to the reference genome (susScr11) 
with default parameter settings.

Analysis of WGBS and RNA‑seq
For WGBS analysis, the program metilene (v0.2–8) [25] 
was used to identify methylated regions (MRs) passing 
criteria of a genomic distance of less than 300 bp between 
CpGs, a presence of more than 10 CpGs, and a mean 
methylation difference of more than 0.2 between CN 
and PA groups. Among MRs, differentially methylated 
regions (DMRs) satisfied false discovery rate (FDR) < 0.05. 
Methylation ratios from WGBS were depicted using the 
R/Bioconductor package Gviz (v1.28.3) [26]. For analysis 
of RNA-seq, BAM files of aligned reads were produced 
following deduplication using Picard MarkDuplicates and 
quality-filtering using SAMtools [27] (-q 30). BAM file-
derived read coverages from RNA-seq were normalized 
to transcripts per million (TPM) using bamCoverage in 
deepTools with parameters (–binSize 10, –smoothLength 
15) [28] and then visualized using Gviz [26]. Transcript 
quantification was performed using Salmon (v1.3.0) with 
the mapping-based mode [29]. TPM values of each gene 
were obtained from Salmon output files (quant.sf ).

Data mining and processing
Publicly available data were downloaded from the NCBI 
GEO unless otherwise stated. For the human, data for 
oocytes and sperm were downloaded under acces-
sion number GSE85632 (RNA-seq) [30], GSE124718 
(H3K4me3) [31], and GSE81233 (WGBS) [32]. WGBS 
data from human somatic tissues were derived from 
GSE17312 [33]. For rhesus monkeys, data under 
GSE112536 (oocyte RNA-seq) [34], GSE60166 (oocyte 
and sperm WGBS) [35], GSE77124 (brain WGBS) [36], 
and GSE115065 (blood WGBS) [37] were downloaded. 
For the mouse, data for oocytes and sperm were down-
loaded: GSE71434 (RNA-seq and H3K4me3) [38], 
GSE112622 (H3K36me3) [39], GSE185579 (WGBS for 
C57BL/6  J) [40] and DRA006680 from DNA Databank 
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of Japan (DDBJ) (WGBS for CAST/EiJ) [39]. WGBS 
data from mouse somatic tissues were derived from 
the Mouse ENCODE Project under accession no. 
GSE188027 (liver), GSE187995 (brain), GSE188220 (kid-
ney), GSE188068 (heart), and GSE187979 (lung) [41]. For 
pigs, data for oocytes, sperm and embryos were down-
loaded: CRA004237 from Genome Sequence Archive 
(GSA) (RNA-seq of pig oocytes [42]), GSE163620 
(H3K4me3, H3K36me2, and H3K36me3 of pig oocytes) 
[43] GSE163709 (H3K4me3 of pig 4-cell, 8-cell, and 
blastocyst embryos) [42], and GSE143850 (WGBS) 
[44]. WGBS data for pig somatic tissues were obtained 
from GSE157045 (skeletal muscle) [45] and PRJEB42772 
(fetal and neonatal brain). For cows, oocyte, sperm, 
and embryo data were downloaded: GSE163620 (RNA-
seq and ChIP-seq) [43] and GSE143850 (WGBS) [44]. 
WGBS data for cow somatic tissues were derived from 
GSE180592. For other species, WGBS data from tis-
sues were analyzed: crab-eating macaque (GSE159347) 
[46], chimpanzee (GSE151768 and GSE112356) [47, 48], 
gibbon (GSE115065) [37], horse (GSE63330) [49], dog 
(GSE63330) [49], sheep (PRJNA622418) [50], and goat 
(SRR5574289 and SRR5574293 from NCBI SRA) [51]. 
For rat oocytes, raw RNA-seq data under GSE163620 
[43] were processed.

WGS (or Exome-seq) and RNA-seq from the same 
individuals were analyzed: human normal lung 
(PRJNA395106), human normal liver (hum0158.v2 
from the NBDC Human Database) [52], rhesus mon-
key tissues (GSE34426, GSE42857, and SRP039366) 
[53], rhesus monkey LCL (PRJNA563344) [54], and 
chimpanzee LCL (PRJNA563344) [54], dog tissues 
(PRJNA396033) [55], pig tissues (PRJNA493166) 
[56], and cow tissues (ERP118133, GSE62160, and 
GSE62159) [57, 58]. Mouse WGS or Exome-seq 
were derived from PRJNA705216 (C57BL/6  J) [59], 
ERP000042 (CAST/EiJ) [60], and PRJNA323493 (PWK/
PhJ and CZECHII/EiJ) [61], and RNA-seq of testis 
from offspring of crosses of CAST/EiJ and C57BL/6  J 
(SRP020526) [62] and PWK/PhJ and CZECHII/EiJ 
(PRJNA286765) [63] were analyzed. These datasets are 
also listed in Additional file 1: Supplementary Table 1.

Reference genomes used in this study were hg38 
(human), macFas5 (crab-eating macaque), panTro6 
(chimpanzee), rheMac8 (rhesus monkey), Asia_NLE_v1 
(gibbon), mm39 (mouse), equCab3 (horse), canFam3 
(dog), susScr11 (pig), bosTau9 (cow), oriAri4 (sheep) and 
ARS1 (goat). WGBS and RNA-seq data were processed 
as above. ChIP-seq data were processed as described in 
our previous report [64] and read coverages in BAM files 
were normalized to 1 × depth (reads per genomic content, 
RPGC) using bamCoverage in deepTools with parameters 
(–binSize 10, –smoothLength 15, –extendReads 150) [28]. 

Peaks were visualized using Gviz [26]. Sequencing reads 
were aligned to these reference genomes or the UCSC 
liftOver tool was used to convert data aligned to previous 
genomes to those reference genomes. Information about 
reported SNPs was obtained as VCF files from the NCBI 
FTP site (human, https://​ftp.​ncbi.​nih.​gov/​snp/.​redes​ign/​
latest_​relea​se/​VCF; other species, https://​ftp.​ncbi.​nlm.​
nih.​gov/​snp/​organ​isms/​archi​ve), and reported mouse 
SNPs from strains were derived from the Mouse Genome 
Informatics resource (http://​www.​infor​matics.​jax.​org/​
snp) and the EBI FTP site (http://​ftp.​ebi.​ac.​uk/​pub/​datab​
ases/​eva/​rs_​relea​ses/​relea​se_4/​by_​speci​es/​mus_​muscu​
lus/​GRCm39) [65]. VCF files aligned to previous genomes 
were converted to the above reference genomes using 
the Picard LiftoverVcf (v2.23.8). The LTR retrotranspo-
son data were retrieved from the UCSC genome browser 
database [66].

Analysis of allelic DNA methylation
Read-based analysis on partially methylated domains 
(PMDs) was performed to identify allelic DNA meth-
ylation as described previously [46, 67]. At first, PMDs 
encompassing CpG islands in promoter regions of 
KBTBD6 were determined using methylation ratios 
(ranging from 0.3 to 0.7) from WGBS. Methylation lev-
els of each read overlapping PMDs were calculated using 
MethylDackel [68]. Reads with at least 3 CpGs were qual-
ified, and PMDs with more than 30 qualified reads were 
further analyzed. The number of qualified reads with 
methylation levels ranging either from 0 to 0.2 (hypo-
methylated reads) or 0.8 to 1.0 (hypermethylated reads) 
was divided by the total number of qualified reads to 
obtain percentages. PMDs with percentages more than 
30 for both hypomethylated and hypermethylated reads 
were identified as allelically methylated regions (Addi-
tional file  2: Supplementary Table  2) [46]. For specific 
consecutive CpG sites within the allelically methylated 
regions, lollipop plots were drawn using the QUMA 
quantification tool for methylation analysis [69].

Phylogenetic analysis
The phylogenetic trees with estimated divergence time 
were generated by TimeTree 5 and Newick files were 
downloaded (http://​www.​timet​ree.​org, accessed on 20 
July 2022) [70]. These phylogenetic trees were edited 
using FigTree (v.1.4.4) [71].

Statistical analysis
For differential gene expression analysis, the Salmon 
output files were imported and analyzed using the R/
Bioconductor package DESeq2 (v.1.28.1) [72]. Differen-
tially expressed genes (DEGs) were obtained under the 
combined criteria of the absolute log2(fold change) > 1 
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and FDR < 0.05 which was regarded as a statistical 
significance.

Results
Profiling DNA methylation and gene expression led 
to detection of DMRs and imprinted expression
After conducting parthenogenesis and normal fertili-
zation, we obtained single-base resolution methylome 
by WGBS to detect DMRs (Additional file  3: Supple-
mentary Table 3). Among methylated regions (MRs) in 
porcine chromosome 11, more hypermethylated DMRs 
(FDR < 0.05) in parthenogenetically activated (PA) 
embryos, an indicative of maternal methylation, were 
identified than hypermethylated DMRs in control (CN) 
embryos, an indicative of paternal methylation (Fig. 1A 
and Additional file  4: Supplementary Fig.  1). On the 
other hand, less hypermethylation in CN embryos indi-
cated the presence of less paternal methylation from 
the paternal allele only existed in the CN embryo. These 
maternal and paternal DMRs were aligned in a chromo-
somal context with nearby maternal or paternal expres-
sion detected by comparison of RNA-seq of those PA 
and CN embryos (Fig.  1B and Additional file  3: Sup-
plementary Table  3). Our stringent matches of mater-
nal methylation to paternal expression or paternal 
methylation to maternal expression for detecting direct 
imprinting effects on gene expression, through search-
ing for a DMR located within 2 kb upstream of the tran-
scription start site (TSS) and 1 kb downstream of the 
TSS (a 3  kb-window), led to identification of genomic 
imprinting at the KBTBD6 locus (Fig.  1B). This locus 
is located around the RB1 locus which is known to be 
imprinted in humans [73, 74]. Taken together, our gen-
eration of PA and CN embryos resulted in an efficient 

comparison of methylation of parental alleles and iden-
tification of DMRs and imprinted expression.

A DMR exists near the porcine KBTBD6 gene but not at 
the orthologous human locus, which oppositely occurred 
in relation to the RB1 locus
As the RB1 locus is located relatively closely to the 
KBTBD6 locus and detailed imprinting status of both 
loci has not been compared between humans and pigs, 
the RB1 and KBTBD6 loci were examined closely by ana-
lyzing WGBS data. In humans, RB1 is expressed prefer-
entially from the maternal allele where the CpG island in 
intron 2 is methylated and silenced, while the alternative 
transcript 2B is expressed from the unmethylated CpG 
island in intron 2 in the paternal allele. This maternal 
RB1 expression is potentially due to transcriptional inter-
ference on the paternal allele via binding of transcrip-
tion complex to the unmethylated paternal allele as a 
roadblock for the full-length RB1 transcript [73, 75]. In 
the 2nd intron region of the human RB1 gene in oocytes, 
there was a maternally methylated CpG island in intron 
2 as a part of the PPP1R26P1 element (the retrocopy of 
the PPP1R26 gene) which was integrated in reverse ori-
entation relative to RB1 by a retrotransposition event 
(Additional file  4: Supplementary Fig.  2). The PPP1R26 
gene also exists in the pig and is located in the unplaced 
scaffold (NW_018084833.1) of the current pig genome 
assembly (susScr11) (Additional file  4: Supplementary 
Fig.  3). However, in pigs, the orthologous RB1 intron 2 
did not contain the retrotransposed PPP1R26P1 ele-
ment and was not differentially methylated (Fig. 2A and 
B and Additional file 4: Supplementary Fig. 4A). In sum-
mary, there was no conserved intronic element that can 
affect expression of the pig RB1 gene. Along the KBTBD6 

Fig. 1  Overview of porcine methylome and transcriptome studies. A A histogram of mean methylation difference between PA and CN 
embryos in chromosome 11 (chr11) plotted against count (square root transformed y-axis) of methylated regions (MRs; satisfying distance 
between CpGs < 300 bp, > 10 CpGs, and mean methylation difference > 0.2, as defined in Methods). Differentially methylated regions (DMRs; 
FDR < 0.05) among MRs are overlaid. B DMRs between PA and CN embryos and expression patterns identified in chr11. Gene expression levels 
from RNA-seq is presented in transcripts per million (TPM). DMR (mat +), maternally hypermethylated DMR; DMR (pat +), paternally hypermethylated 
DMR; exp, expression; Known, known imprinted gene
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locus, the order of protein-coding genes in the human 
chromosome 13 (13q14.11) and mouse chromosome 14 
(14 D3) (i.e., MTRF1, KBTBD7, KBTBD6, and WBP4) 
is conserved in the pig chromosome 11. Based on the 
genome sequence of Sus scrofa (Sscrofa11.1), those four 
protein-coding genes are mapped to an approximate 
170-kb region between approx. 25.60 Mb and 25.77 Mb 
(25,603,784–25,772,555) and KBTBD7 and KBTBD6 
(aka. LOC100154105) are intronless (Fig. 2C). There are 

three CpG islands in this locus within putative promoter 
regions of KBTBD7, KBTBD6, and WBP4 (and ELF1), 
and only the area containing a putative promoter region 
of KBTBD6 was differentially methylated between PA 
and CN embryos (Fig. 2C). A close view of a putative pro-
moter region of KBTBD7 encompassing TSS displayed 
that the area with a CpG island and high GC content was 
regionally hypomethylated or almost unmethylated in 
both PA and CN embryos (Fig. 2D). It indicated that the 

Fig. 2  Gene expression and DNA methylation along the porcine RB1 and KBTBD6 loci. A The 65-kb region containing the RB1 locus 
between 19.275 Mb (19,275,000) and 19.34 Mb (19,340,000) based on NCBI RefSeq annotation. RNA-seq read coverages of the RB1 transcripts in PA 
and CN embryos are presented in values of TPM. Mean methylation ratios based on WGBS are followed by mean methylation differences (PA-CN). 
B A close view of the 2nd intron area of the RB1 gene and methylation status. C The 192-kb region containing the KBTBD6 locus between 25.59 Mb 
(25,590,000) and 25.782 Mb (25,782,000). RNA-seq read coverages of KBTBD6 and surrounding transcripts in TPM, and mean methylation ratios 
based on WGBS. D and E Zoomed-in views of promoter regions of the KBTBD7 and KBTBD6 genes. R, DMR (FDR < 0.05) in red. Also, the DMR 
(hypermethylated in PA) is overlaid with red histogram lines in PA-CN. Red vertical bars in the ideogram, chromosomal locations; I, CpG island; GC%, 
GC content; black arrows, transcriptional direction; brown boxes, protein-coding transcripts (tall, translated region; short, untranslated region); 
purple boxes, noncoding transcripts; PA1–2, individual PA embryos; CN1–2, individual CN embryos; PA, mean methylation ratio for PA embryos; CN, 
mean methylation ratio for CN embryos



Page 7 of 19Ahn et al. Journal of Animal Science and Biotechnology          (2023) 14:131 	

promoter of KBTBD7 is biallelically active and the por-
cine KBTBD7 gene is not imprinted. To the contrary, the 
putative promoter region of KBTBD6 was hypermethyl-
ated in PA embryos within the 3  kb-window (Fig.  2E). 
Considering that PA embryos have two maternal alleles 
and CN embryos contain one paternal and one maternal 
allele, the hypermethylation in PA embryos might origi-
nate from methylation on the two maternal alleles. In 
addition, methylation on CN embryos which was in an 
almost half degree might also be derived from methyla-
tion on the one maternal allele. As a result, a DMR was 
identified in the putative promoter region of KBTBD6 
and it might be methylated only in the maternal allele, 
but not in the paternal allele, suggesting that this region 
is being maternally inactivated by the maternal imprint.

In addition, putative promoter regions of the WBP4 and 
MTRF1 genes showed hypomethylation or unmethylation 
in both PA and CN embryos, suggesting biallelically acti-
vated status of these promoters and the non-imprinting of 
these genes (Fig. 2C). On the other hand, in humans, there 
are four CpG islands within the orthologous locus and all 
of them were hypomethylated or almost unmethylated in 
oocytes, sperm, blastocyst, fetal tissues (fetal brain and 
fetal muscle), and adult tissues (brain, muscle, heart, liver, 
and lung) (Additional file 4: Supplementary Fig. 5). Taken 
together, it indicated that the maternally methylated DMR 
at the KBTBD6 promoter CpG island is porcine-specific 
and not conserved in humans, as well as locus-specific in 
the pig chromosome 11.

Within the analyzed loci, expression of the KBTBD6 gene 
only in bi‑parental embryos, but not in uni‑maternal 
embryos, indicates paternal allele expression
To examine changes in gene expression in uni-maternal 
PA embryos compared to bi-parental CN embryos, RNA-
seq was conducted. Without imprinting, the porcine RB1 
gene was expressed in both PA and CN embryos indi-
cating expressions from both alleles (Fig.  2A) and bial-
lelically expressed in analyzed tissues (Additional file  4: 
Supplementary Fig. 4B). It implicated that the dosage of 
the retinoblastoma tumor-suppressor gene, RB1 [76], is 
not epigenetically regulated in pigs. The KBTBD6 gene 
was exclusively expressed in CN embryos, but not in 
PA embryos (Fig. 2C). Given that the putative promoter 
region of KBTBD6 was apparently maternally inacti-
vated by the maternal imprint (maternal methylation), 
the expression of the KBTBD6 gene at a very low level in 
PA embryos might be due to inhibition of gene expres-
sion in the two maternal alleles. In contrast, the exclusive 
expression of the KBTBD6 gene in CN embryos might 
be attributed to paternal allele-specific expression while 
the expression from the maternal allele is absent or very 
low. Other protein-coding genes within the porcine 

MTRF1-WBP4 region (MTRF1, KBTBD7, and WBP4) 
were expressed in both PA and CN embryos and the 
expression levels were comparable between PA and CN 
embryos (Fig. 2C), indicating that the expression of these 
genes occurs in both the paternal and maternal alleles 
at similar degrees (biallelic expression). To quantify the 
expression degrees, differential expression of the genes 
was analyzed. Among the four protein-coding genes in 
the MTRF1-WBP4 region, the KBTBD6 gene was a dif-
ferentially expressed gene (DEG) between PA and CN 
embryos (FDR < 0.001) and the expression in CN embryos 
was 11.8-fold higher than in PA embryos (Additional 
file 4: Supplementary Fig. 6). In contrast, expression lev-
els of other genes were not statistically different between 
PA and CN embryos (Additional file  4: Supplementary 
Fig.  6), indicating that imprinted expression that might 
be related to the aforementioned DMR occurred solely in 
the KBTBD6 gene. Moreover, positive controls of known 
maternal imprinting (SGCE and PEG10) showed exclu-
sive expression in CN embryos (paternal expression) and 
maternal DNA methylation encompassing the promoter 
regions (Additional file  4: Supplementary Fig.  7A). To 
the contrary, a negative control (a GNAS isoform, also 
known as NESP) showed approximately 1.5-fold greater 
expression in PA embryos on average and DNA meth-
ylation exclusively in CN embryos (paternal DNA meth-
ylation) along with methylation canyon in PA embryos 
(Additional file  4: Supplementary Fig.  7B). While the 
expression of NESP was expected to be twofold greater 
in PA embryos, the varying detected level of maternal 
expression in parthenogenetic ovine fetuses compared 
to controls (from 1.7-fold to 4.3-fold) was also previously 
reported [77] as in our case. These controls further sup-
port our findings of imprinting at the KBTBD6 locus.

Mammalian DNA methylation at the KBTBD6 locus shows 
oocyte‑ and species‑specificity
To investigate conservation of KBTBD6 promoter 
methylation in mammals, we compared gametic and/
or tissue methylation among 12 mammalian species. 
Regarding gametic methylation, in humans, non-human 
primate (rhesus monkey), and mice, the KBTBD6 pro-
moter CpG island was hypo- or un-methylated in 
both oocytes and sperm (Fig.  3A). Whereas, in pigs 
and cows, the CpG island was methylated in oocytes, 
but not in sperm. Regarding tissue methylation, in 
humans, non-human primates (crab-eating macaque, 
chimpanzee, rhesus monkey, and gibbon), and mice, 
the KBTBD6 CpG island was hypo- or un-methylated 
in various fetal and/or adult tissues (Fig.  3B). In con-
trast, the CpG island was partially methylated in live-
stock species (horses, pigs, cows, sheep, and goats) and 
dogs. Lengths of the KBTBD6 promoter CpG islands 
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tended to be longer in livestock species and dogs, 
whereas distribution of the length was similar not only 
across genomes but also in chromosomes contain-
ing KBTBD6 across species, except for mice (mm39 
and chromosome 14) that showed an enriched length 
between 500 and 100 bp (Additional file 4: Supplemen-
tary Fig.  8A  and B, and Additional file  5: Supplemen-
tary Table  4). It appeared that the longer CpG islands 
in the KBTBD6 promoter is not a general feature but 
rather specific to this locus. In addition, through de 
novo motif discovery followed by motif comparison, we 
identified unique DNA motifs in the putative KBTBD6 
promoter regions of livestock and dogs and most of 
them were not matched with databases (Additional 
file 4: Supplementary Fig. 8C and Additional file 6: Sup-
plementary Table  5). Moreover, multiple alignment of 
amino acid sequences of KBTBD6 proteins revealed 
that an ATG8 family-interacting motif (W-V-R-V) 
in human KBTBD6 is conserved in all analyzed non-
human primates, but the R residue (R670) was substi-
tuted in all analyzed livestock and dogs (W-V-Q-V) 
along with other substitutions occurred throughout 
the residues (Additional file 4: Supplementary Fig. 8D). 
To determine whether the partial DNA methylation 
is allelic, we examined reads overlapping the partially 
methylated domains (PMDs). These PMDs were alleli-
cally methylated regions (more than 30% of both hypo-
methylated and hypermethylated reads) and CpGs in 
these reads were either fully methylated or unmethyl-
ated supporting the presence of allele-specific meth-
ylation (Fig.  3C). To examine divergence of the twelve 
placental mammalian species, we explored the Time-
Tree and the phylogenetic tree showed divergence circa 
94 million years ago (MYA) of the following two clades: 
clade 1 [crab-eating macaque (Macaca fascicularis), 
rhesus monkey (Macaca mulatta), chimpanzee (Pan 
troglodytes), human (Homo sapiens), gibbon (Nomas-
cus leucogenys), and mouse (Mus musculus)] and clade 

2 [pig (Sus scrofa), sheep (Ovis aries), goat (Capra hir-
cus), cow (Bos taurus), horse (Equus caballus), and dog 
(Canis lupus familiaris)] (Fig.  3D). In summary, the 
KBTBD6 promoter methylation appeared to be mono-
allelic or maternal-specific in analyzed livestock species 
and dogs which were diverged from humans, non-
human primates, and mice.

Bi‑ or mono‑allelic expression of the KBTBD6 gene 
is grouped in the same manner with the species‑specific 
methylation pattern
Bi- or mono-allelic expression of the KBTBD6 gene was 
examined using an individual-matched genomic DNA 
sequence from genome/exome sequencing and mRNA 
transcripts from RNA-seq. In humans and non-human 
primates (rhesus monkeys and chimpanzees), heterozy-
gous informative SNPs were found in genomic DNA 
covering the KBTBD6 gene and their biallelic expres-
sion tendency was repeatedly observed in multiple 
individuals (Fig. 4 and Additional file 7: Supplementary 
Table  6). In mice, inbred strains CAST/EiJ (abbrevi-
ated as C) and C58BL/6  J (abbreviated as B) that were 
reciprocally crossed were analyzed. Their offspring 
expressed both paternal and maternal alleles in testis 
(Fig.  4 and Additional file  7: Supplementary Table  6, 
where Kbtbd6 is predominantly expressed in the ana-
lyzed dataset (SRP020526) (Additional file  4: Supple-
mentary Fig. 9) and also in bioGPS based on GSE10246 
[78, 79]. This biallelic expression pattern was also 
observed in crosses of other inbred strains, CZECHII/
EiJ (abbreviated as Z) and PWK/PhJ (abbreviated as P) 
(Fig. 4 and Additional file 7: Supplementary Table 6), as 
well as in other SNPs in the same offspring (Additional 
file 4: Supplementary Fig. 10A–C and 11A–C). With the 
same data, both known maternal and paternal expres-
sions could be detected, depending on the presence of 
SNPs, in maternally expressed 3 (Meg3) (Additional 
file 4: Supplementary Fig. 10 and 11 left), and paternally 

Fig. 3  Comparison of single-base resolution DNA methylomes at the KBTBD6 locus among mammalian species. A DNA methylation in oocytes 
(pink histogram lines) and sperm (blue histogram lines) of the human (Homo sapiens), rhesus monkey (Macaca mulatta), mouse (Mus musculus), pig 
(Sus scrofa), and cow (Bos taurus) are displayed encompassing the KBTBD6 promoter CpG islands. B DNA methylation in fetal, neonatal and/or adult 
tissues. Species other than in A include crab-eating macaque (Macaca fascicularis), chimpanzee (Pan troglodytes), gibbon (Nomascus leucogenys), 
horse (Equus caballus), dog (Canis lupus familiaris), goat (Capra hircus), and sheep (Ovis aries). Analyzed tissues include: f-Br, fetal brain; Br, brain; 
f-Mu, fetal muscle; Mu, muscle; He, heart; Li, liver; Lu, lung; Ki, kidney; Bl, blood; Pl, placenta; n-Br, neonatal brain; y-Mu, young skeletal muscle (d 40); 
a-Mu, adult skeletal muscle (d 180); a-Sn, angen stage of skin; and t-Sn, telogen stage of skin; e-Mu, embryonic muscle (embryonic d 110); a-Mu 
(sheep), adult skeletal muscle (2-year-old). C Read-based analysis on partially methylated domains (PMDs) [pig chr11:25,705,500–25706700, cow 
chr12:11,335,500–11,336,700, goat chr12:75,202,000–75,203,500, sheep chr10:11,665,250–11,666,500, horse chr17:28,812,781–28,813,430, and dog 
chr22:9,466,000–9,467,173; These regions are grey-shaded in B]. The number of qualified reads (at least 3 CpGs) with methylation levels ranging 
either from 0.0 to 0.2 (hypomethylated reads) or 0.8 to 1.0 (hypermethylated reads) was divided by the total number of qualified reads to plot 
percentages of hypo- and hyper-methylated reads in PMDs in each tissue. A threshold for allelically methylated regions was the percentage of 30%. 
Consecutive CpG sites (x-axis) within the allelically methylated regions are plotted for each read (y-axis) with open and closed circles indicating 
unmethylated and methylated CpG sites, respectively. D Phylogenetic tree of the twelve mammalian species and divergence time estimation. MYA, 
million years ago. A color code was used to highlight species showing partial DNA methylation (brown) as opposed to hypomethylation patterns 
(cyan)

(See figure on next page.)
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expressed 10 (Peg10) (Additional file 4: Supplementary 
Fig.  S10 right) or paternally expressed 6 (Peg6, aka. 
Ndn) (Additional file  4: Supplementary Fig.  11 right), 
indicating that both paternal and maternal epigenetic 

marks were present in the somatic parts of testes and 
thereby supporting the biallelic expression of Kbtbd6 
without those epigenetic marks. On the other hand, in 
the same individuals of dogs, pigs, and cows, analyzed 
heterozygous SNPs were expressed mono-allelically in 

Fig. 3  (See legend on previous page.)
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all analyzed tissues (Fig.  4 and Additional file  7: Sup-
plementary Table 6), suggesting that these monoallelic 
expressions in livestock species and dogs are attributed 
to the aforementioned species-specific oocyte methyla-
tion and allelic methylation at the KBTBD6 promoter 
CpG islands.

Transcription, histone modifications and DNA methylation 
at the KBTBD6 locus occurred in a species‑specific manner
Insertion of long terminal repeat retrotransposons 
(LTR-RTs) in genomes drives a significant amount of 

transcription, and their presence at orthologous regions 
is highly variable across species resulting in species-
specific transcription in mammalian oocytes and tissues 
[39]. In addition, H3K36me3 and H3K36me2 deposition 
at CpG islands embedded within oocyte-specific tran-
scripts precedes DNMT3A/3L-dependent de novo DNA 
methylation during oogenesis [39]. Comparing pigs, 
cows, humans, and mice, we aimed to identify species-
specific genic and intergenic transcripts within or near 
the KBTBD6 locus, initiating in an LTR-RT. Also, to 
examine whether expressed transcripts at the KBTBD6 

Fig. 4  Allelic expression of the KBTBD6 gene. Heterozygous (i.e., informative) SNPs are shown on genomic DNA (gDNA) except mice which were 
crossed. SNPs without identifiers (rs IDs) are indicated with genomic coordinates. In the human (Hu), heterozygous SNPs in the normal lung 
from four individuals [individual IDs from deposited datasets in Additional file 1: Supplementary Table 1 (hereafter, IDs): N3, N16, N26, and N31] 
and heterozygous SNPs in the normal liver from two individuals (IDs: RK130 and RK141) and one individual (ID: RK141) were analyzed. For rhesus 
monkeys (RM) two different SNPs in tissues were analyzed (RM1, WGS run ID: SRR1636014 and RNA-seq from the same individual; and RM2, ID: 
R05040). For chimpanzees (CHM), three different SNPs in tissues were analyzed (IDs: CH114 and CH391). For the mouse (Mo), testes of offspring 
from reciprocal crosses of CAST/EiJ (C) and C58BL/6 J (B) (RNA-seq run IDs: SRR823506 and SRR823507) and crosses of CZECHII/EiJ (Z) and PWK/
PhJ (P) (RNA-seq run IDs: SRR2060844, SRR2060846, and SRR2060939) were analyzed. For dogs, two Belgian Malinois dogs (IDs: Dozer and Crak) 
were analyzed for two different SNPs. For pigs, three different SNPs from two pigs were analyzed for various tissues (WGS run IDs: SRR7903780 
and SRR7903782; and RNA-seq from the same individuals). For cows, the same SNP from three different cows was analyzed (IDs: 6819, 756, 
and 3847). Lu, lung; Li, liver; Br, brain; Mu, skeletal muscle; He, heart; LCL, lymphoblastoid cell line; Te, testis; Ad, adipose tissue; Sp, spleen; SI, small 
intestine; Ki, kidney
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locus in oocytes are related with DNA methylation, 
omics data (transcriptomes, ChIP-seq data, and methy-
lomes) were analyzed. In fully-grown oocytes (FGOs) 
and MII stage oocytes from pigs, transcripts might ini-
tiate adjacent to a LTR element (MLT1F2 from ERVL-
MaLR family) or a potential single-copy oocyte-specific 
promoter region (as seen in a novel, non-LTR single-
copy promoter region in the Impact locus active in rat 
oocytes [80]) in the upstream of KBTBD6 and cover the 
promoter CpG island of KBTBD6 as overlapping tran-
scripts (Fig.  5A  and B). These LTR elements might be 
active in oocytes as being present along with oocyte-spe-
cific H3K4me3 enrichment, which was absent in somatic 
cumulus cells and developing 4-cell, 8-cell, and blastocyst 
stage embryos (Fig.  5C). Consequently, the active LTR-
initiated transcription (LIT) likely resulted in H3K36me2 
and H3K36me3 enrichment and de novo DNA methyla-
tion overlapping the promoter CpG island of KBTBD6 in 
porcine oocytes (Fig. 5C and D). The oocyte-specific co-
occurrence of H3K4me3 enrichment, LIT, H3K36me2/3 
enrichment, and DNA methylation occurred solely in 
the upstream of the KBTBD6 gene and was absent in 
other promoter regions of the NAA16, MTRF1, KBTBD7, 
WBP4 and ELF1 genes (Fig. 5A–D). Similarly, in bovine 
FGO and MII stage oocytes, transcription was initiated 
adjacent to a bovine-specific LTR element (BTLTR1J 
from ERVK family) in the upstream of KBTBD6 and 
spanned the promoter CpG island of KBTBD6 as an over-
lapping transcript (Fig. 5E and F). The H3K4me3 enrich-
ment in oocytes suggested activation of the LTR element 
(Fig.  5G). H3K36me2 and H3K36me3 enrichments and 
DNA methylation covered the promoter CpG island 
of KBTBD6 (Fig.  5G  and H). The upstream regions and 
CpG island promoters of the bovine NAA16, MTRF1, 
KBTBD7, WBP4 and ELF1 genes were not enriched with 
additional transcripts related to those histone modifica-
tions and DNA methylation (Fig. 5E–H).

On the other hand, in human oocytes, there was no 
transcription initiation along with H3K4me3 enrichment 
in the upstream of KBTBD6 and transcripts overlapping 
the promoter CpG island of KBTBD6 were not found 
(Fig.  6A–C). H3K4me3 enrichments were concentrated 
on the promoter regions of the KBTBD6 gene, as well 
as all other genes at this locus, i.e., the NAA16, MTRF1, 
KBTBD7, WBP4, and ELF1 genes (Fig.  6C). Without 
overlapping transcripts, the promoter CpG islands of the 
KBTBD6 gene in oocytes were unmethylated like those 
of the other genes (Fig. 6D). Also, in mouse oocytes, the 
promoter of CpG island of Kbtbd6 was not overlapped by 
additional transcripts (Fig.  6E  and F). This could be due 
to non-activation of transcription initiation, although 
the H3K4me3 deposition additionally occurs in inter-
genic regions to some extent (noncanonical pattern) 
(Fig.  6G). As previously reported [43], this noncanoni-
cal H3K4me3 was observed only in mice, but not in the 
human in which the H3K4me3 deposition concentrated 
on the promoter regions (Fig.  6C). Besides the nonca-
nonical pattern, unmethylation at the KBTBD6 pro-
moter CpG island was conserved in mice (Fig.  6H). The 
non-deposition of H3K36me3 at the KBTBD6 promoter 
CpG island in oocytes supported the unmethylation pat-
tern (Fig. 6G and H). Additionally, in rhesus monkey MII 
oocytes, the long non-coding RNA (lncRNA) transcript 
(LOC106994239) was expressed between KBTBD7 and 
KBTBD6 with transcriptional direction toward KBTBD7, 
whereas transcripts overlapping the promoter of KBTBD6 
was apparently absent with unmethylation states (Addi-
tional file 4: Supplementary Fig. 12). Furthermore, in the 
rat oocytes, transcriptional initiation at the promoter of 
Kbtbd6 lacked as being deficient in another rodent spe-
cies, mice (Additional file 4: Supplementary Fig. 13).

Taken together, the initiation patterns of porcine and 
bovine transcripts in oocytes along with hypermethyla-
tion and H3K36me3 and H3K36me2 enrichments were 

Fig. 5  Transcription-dependent imprinting at the CpG island promoter of the KBTBD6 gene in porcine and bovine oocytes. A Expressed transcripts 
within the locus between the MTRF1 and WBP4 genes in porcine oocytes. TPM values of RNA-seq read coverages are depicted. B Annotated 
protein-coding and noncoding transcripts from the susScr11 porcine genome and LTR-initiated transcript in brown, purple, and red colors, 
respectively, with black arrows for transcriptional directions in GeneRegionTrack based on RefSeq. LTR-RTs [MLT1F2 in + strand (left) and a potential 
single-copy oocyte-specific promoter region (right)] and CpG islands (I) are color-coded in red and green, respectively. C Histone modifications, 
H3K4me3 for active promoters and H3K36me2/3 for de novo DNA methylation. Data were normalized to 1 × depth (reads per genome coverage, 
RPGC). D Methylation ratios based on WGBS data. E Expressed transcripts within the locus between the MTRF1 and WBP4 genes in bovine 
oocytes. RNA-seq read coverages are presented as TPM values. F Annotated protein-coding transcripts from the bosTau9 bovine genome 
and an LTR-initiated transcript in brown and red colors, respectively, with transcriptional directions in black arrows. A bovine-specific LTR-RT 
[BTLTR1J in – strand; Of note, the bovine chromosome 12 is depicted backwards as indicated in the genomic coordinates (11,470,000 – 11,250,000) 
due to the reversed orientation of the bovine KBTBD6 gene.] and CpG islands (I) are color-coded in red and green, respectively. G H3K4me3 
and H3K36me2/3 modifications normalized to 1 × depth (RPGC). H Methylation ratios from WGBS. The promoter regions are highlighted with grey 
vertical shades. The red vertical shades highlight the CpG island promoters of the KBTBD6 genes which are methylated in oocytes. FGO, fully grown 
oocytes; MII, MII stage oocytes; CC, cumulus cells; 4-cell, 4-cell stage embryos; 8-cell, 8-cell stage embryos; Blast, blastocysts; OO, oocytes; SP, sperm; 
Soma, somatic tissue (skeletal muscle)

(See figure on next page.)
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similar, suggesting evolutionary conservation of tran-
scription-dependent de novo DNA methylation at the 
KBTBD6 locus. This conservation of imprinting in por-
cine and bovine species might be diverged from non-
imprinting of KBTBD6 in primates and mice.

Phylogenetic representation indicates a recent acquisition 
of KBTBD6 imprinting
Schematic representation exhibited that KBTBD7 and 
KBTBD6 gene insertions occurred approximately 180 and 
94 MYA, respectively (Fig. 7). In chickens (Gallus gallus), 

Fig. 5  (See legend on previous page.)
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the whole locus between KBTBD7 and KBTBD6 is deficient 
while the surrounding MTRF1 and WBP4 genes exist based 
on NCBI RefSeq annotation. In platypus (Ornithorhyn-
chus anatinus), opossum (Monodelphis domestica), arma-
dillo (Dasypus novemcinctus), and elephant (Loxodonta 
africana), genes are in the order of MTRF1, KBTBD7, and 
WBP4 with undefined sequences between KBTBD7 and 
WBP4 in cases of armadillo and elephant. The KBTBD6 
insertion resulted in two types of promoter methylation: 
unmethylation in humans, non-human primates, and mice, 
and allelic methylation in analyzed domesticated mammals 
as shown in this study (Fig. 3). The allelic methylation might 
be introduced in approx. 75 MYA in artiodactyls and car-
nivores (Fig. 7). The expression of non-imprinted KBTBD6 
genes in humans, non-human primates, and mice was bial-
lelic. In analyzed domesticated mammals, imprinted mon-
oallelic expression appeared to be selectively evolved. In 
this sense, the notion that the epigenetic fate of genes can 
be dependent on selective forces at the sequence integra-
tion site could be supported by our findings on porcine and 
bovine-specific transcription-dependent imprinting of the 
KBTBD6 gene (Fig. 5).

Discussion
In this study, we report that the imprinted KBTBD6 gene 
in pigs is subjected to a direct silencing of the mater-
nal allele of its promoter region through maternal DNA 
methylation. This silencing could lead to lack of expres-
sion of the porcine KBTBD6 gene in the bi-maternal 
PA embryos. Because the paternal allele is present only 
in CN embryos, but not in PA embryos, the exclusive 
KBTBD6 expression in the CN embryos was likely to 
be paternal allele-specific. These findings were effec-
tively derived from generation of replicated PA and CN 
embryos followed by a combined analysis of the single 
base-resolution methylome and transcriptome which 
enabled detailed imprinting studies both globally at a 
genomic level and within targeted loci.

As mentioned, the regulation of RB1 expression in 
humans through intronic maternal methylation [73, 
74] was not conserved in pigs. Also, our comparative 

analyses revealed that the putative promoter region of the 
KBTBD6 gene is methylated in a species-specific manner: 
allelic methylation in analyzed domesticated mammals 
[livestock species (horses, pigs, cows, sheep, and goats) 
and dogs]; whereas unmethylated in humans, non-human 
primates, and mice. In accordance with the methylation 
pattern, monoallelic expression of the KBTBD6 gene was 
observed in pigs, cows, and dogs, while the KBTBD6 gene 
was biallelically expressed in humans, rhesus monkeys, 
chimpanzees, and mice. Therefore, the bi- or mono-allelic 
expression pattern of the KBTBD6 gene exhibited the 
same species-specificity as allelic methylation in analyzed 
species, although limitation was whether the monoallelic 
expression was paternal or maternal origin could not be 
identified with the analyzed datasets of WGS/exome-seq 
and RNA-seq from the same offspring without parental 
information. However, in our parthenogenesis approach, 
CN embryos have both maternal and paternal alleles and 
PA embryos have two maternal alleles, and therefore, 
exclusive expression of KBTBD6 in CN embryos could 
be interpreted as paternal monoallelic expression. This 
expression in CN embryos occurred with unmethylation 
of the promoter in the paternal allele of CN embryos, as 
evidenced by the DMR that was hypermethylated in PA 
embryos (i.e., bi-maternal methylation) and hemi-meth-
ylated in CN embryos (i.e., uni-maternal methylation).

The establishment of maternal methylation imprints in 
the oocytes occurs within transcribed regions enriched 
with H3K36me3 and H3K36me2 histone modifications 
via recruitment of DNMT3A and 3L [81–83]; whereas, 
paternal imprints marked with H3K36me2 locate in 
non-transcribed intergenic regions [43, 81, 84, 85]. 
DNA methylation imprints in the promoter region of 
the KBTBD6 gene in pig and cow oocytes also occurred 
with additional transcription and H3K36me2/3 marks, 
suggesting these are maternal imprints, which were 
not found in humans, non-human primates, and mice. 
The phylogenetic analysis showed that the separation 
between one clade of humans, non-human primates, 
and mice and another clade of livestock species and 
dogs coincidently matches with allelic DNA methylation 

(See figure on next page.)
Fig. 6  Non-imprinting at the CpG island promoter of the KBTBD6 gene in human and mouse oocytes. A Expressed transcripts from the locus 
between the MTRF1 and WBP4 genes in human oocytes. TPM values of RNA-seq read coverages are presented on the y-axis. B Annotated 
protein-coding and noncoding transcripts from the hg38 human genome in cyan and purple colors, respectively. Transcriptional directions 
are denoted with black arrows. C Histone modifications, H3K4me3, for different developmental stages of oocytes and embryos. Data were 
normalized to 1 × depth (RPGC). D Methylation ratios derived from WGBS. E Expressed transcripts from the locus between the Mtrf1 and Wbp4 
genes in C57BL/6N mouse oocytes. TPM values of RNA-seq read coverages are presented. F Annotated protein-coding and noncoding transcripts 
from the mm39 mouse genome in cyan and purple colors, respectively. Transcriptional directions are denoted with black arrows. G Histone 
modifications, H3K4me3 and H3K36me3, normalized to 1 × depth (RPGC). For different developmental stages of oocytes, H3K4me3 modifications 
from C57BL/6N strain were analyzed. H3K36me3 from C57BL/6 J (top) and CAST/EiJ (bottom) strains were analyzed. H Methylation ratios from WGBS 
of mouse oocytes from C57BL/6 J (top) and CAST/EiJ (bottom) strains. GO, growing oocytes; FGO, fully grown oocytes; MI, MI stage oocytes; MII, MII 
stage oocytes; 4-cell, 4-cell stage embryos; 8-cell, 8-cell stage embryos; ICM, inner cell mass of the blastocyst; OO, oocytes; SP, sperm; Soma, somatic 
tissue (liver)
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patterns in the KBTBD6 promoter CpG islands. We pos-
tulate that the KBTBD6 promoter CpG islands are likely 
to be one of the loci in which evolutionary pressure oper-
ated selectively between the two clades.

Genomic insertions of transposable elements (Tes), 
such as LTR retrotransposons, give rise to initiation of 
gene transcription which are active in germ cells [39]. 
Eukaryotic Tes can insert anywhere in the host genome 

Fig. 6  (See legend on previous page.)
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while contributing to the evolution of transcriptional 
regulation and gene expression, DNA methylation, and 
genomic instability [86]. Among the four classes of Tes 
which include three types of retrotransposons, genomic 
insertion of LTR retrotransposons comprises about 9% 
of mammalian genomes [87–89] and their influences on 
transcription initiations have been reported [39, 90]. In 
this regard, species-specific LTR-initiated transcription 
could shape the oocyte methylome, as CpG islands in 
promoters are embedded within transcripts and meth-
ylated as in the cases including Impact and Slc38a4 in 
mice [39, 80]. In pigs and cows, potential transcripts 
were initiated within or adjacent to LTR-RTs, upstream 
of the KBTBD6 gene in oocytes. In contrast, in mice and 
humans, no additional transcription and corresponding 
Tes were observed other than the relatively prominent 
KBTBD6 expression. Together with the distinctive tran-
scription in pigs and cows, the chromatin status under 
H3K36me3 and H3K36me2 histone modifications might 
help direct de novo DNA methylation at the transcribed 

loci. As a consequence, maternal imprinted germline 
DMRs (igDMRs) in oocytes were heavily methylated 
under this methylation-permissive state, which was not 
the case of mice and primates.

The paternal expression of KBTBD6 might be related 
to growth traits following the parental conflict theory 
that states paternally expressed genes promote growth; 
whereas, maternally expressed genes are related to 
reduced growth [91, 92]. Based on the pig quantita-
tive trait loci (QTL) database (PigQTLdb) [93] and 
a related report [94], there is information regarding 
QTLs mapping with the porcine KBTBD6 locus in 
association with backfat weight (QTL #422), percent-
age of backfat and leaf fat in the carcass (QTL #423), 
and backfat thickness between the 3rd and 4th rib (QTL 
#425). Also, based on the cattle QTL database (Cat-
tleQTLdb) [93] and a related report [95], a QTL asso-
ciated with body weight (weaning) (QTL #4481) was 
aligned with the bovine KBTBD6 locus, and further 
studies are needed to fully assess the role of KBTBD6 in 

Fig. 7  Phylogenetic relationships of amniotes. The KBTBD7 and KBTBD6 gene insertions are indicated with red dotted arrows. Allelic methylation 
of the KBTBD6 promoter is denoted with a red dotted arrow for species of artiodactyls and carnivores in brown color. Unmethylation of the KBTBD6 
promoter was shown for species of primates and rodents in cyan colors. MYA, million years ago. Silhouette images of species are from phylopic.org
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development and growth. It has been reported that the 
KBTBD6 protein is involved in the proteasome-medi-
ated ubiquitin-dependent protein catabolic process. In 
particular, KBTBD6 serves as a substrate adaptor for 
the aforementioned ubiquitin ligase complex consist-
ing of a dimer of KBTBD6 and KBTBD7 and CUL3 in 
human cell lines [13, 14]. KBTBD6 contains an ATG8 
family-interacting motif (AIM), W-V-R-V, and binds 
to GABARAP proteins (ATG8 family proteins). For 
this interaction, the R residue (R670) in the AIM of 
KBTBD6 is critical as it forms a hydrogen bond with 
Y25 of GABARAP, and this interaction subsequently 
leads to proteasomal degradation of TIAM1, a RAC1 
activator, and spatially regulated RAC1 signaling [14]. 
The substitution of R670 of AIM in all analyzed live-
stock and dogs (W-V-Q-V) suggests destabilization of a 
protein–protein interaction or conformational changes 
between the CUL3-KBTBD6/ KBTBD7 ubiquitination 
complex and GABARAP. Whether this non-conserva-
tion of R residue is related to epigenetic reduction of 
KBTBD6 gene dosage by half through genomic imprint-
ing is elusive, but future studies on the ubiquitination 
complex and RAC1 signaling together with genome 
editing on the imprinting control region will pro-
vide more insight into the livestock-specific KBTBD6 
imprinting. Also, a deficiency in KBTBD6 expression in 
parthenotes might lead to abnormalities in the genera-
tion of the complex and the subsequent RAC1 signal-
ing which affects actin rearrangements. Taken together, 
our comparative studies revealed that paternal expres-
sion of the KBTBD6 gene in pigs and its monoallelic 
expression in analyzed livestock and dogs could be 
related to maternal methylation along with additional 
gene transcription, indicating locus-specific and non-
clustered genomic imprinting at the KBTBD6 locus. 
The paternal expression of KBTBD6 might be related to 
animal growth, while its biallelic expression in humans, 
non-human primates, and mice might be diverged dur-
ing the course of evolution.

Conclusions
Genomic imprinting is an epigenetic process that causes 
parent-of-origin-specific monoallelic expression of a sub-
set of genes and is essential for mammalian growth and 
development. Imprinting research on domesticated ani-
mals has focused on imprinted genes previously identi-
fied in mice and humans, but, unlike in mice and humans, 
the porcine KBTBD6 gene was expressed only from the 
paternal allele and the KBTBD6 promoter was encom-
passed by a DMR with maternal methylation, indicating 
imprinting of KBTBD6. This imprinting is apparently 

conserved in analyzed domesticated mammals, but not 
in humans, non-human primates, and mice. We also pro-
vide potential mechanistic links between transcription 
and maternal methylation in porcine and bovine oocytes. 
Our findings indicate that genomic imprinting at the 
KBTBD6 locus is selectively evolved in domesticated 
mammals.

Abbreviations
CN	� Control embryo
DEG	� Differentially expression gene
DMR	� Differentially methylated region
FDR	� False discovery rate
ICR	� Imprinting control region
KBTBD6	� Kelch repeat and BTB domain-containing protein 6
LIT	� LTR-initiated transcription
LTR-RT	� Long terminal repeat retrotransposon
MR	� Methylated region
MYA	� Million years ago
PA	� Parthenogenetically activated embryo
QTL	� Quantitative trait loci
RNA-seq	� RNA sequencing
TSS	� Transcription start site
WGBS	� Whole-genome bisulfite sequencing

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s40104-​023-​00931-3.

Additional file 1: Supplementary Table 1. Deposited data.

Additional file 2: Supplementary Table 2. Analyses of partially methyl‑
ated domains (PMDs).

Additional file 3: Supplementary Table 3. Summary of WGBS and RNA-
seq data from PA and CN embryos.

Additional file 4: Supplementary Fig. 1. Distribution of DNA methy‑
lome produced by WGBS. Supplementary Fig. 2. The RB1 locus in the 
human. Supplementary Fig. 3. The PPP1R26 locus in the pig. Supple‑
mentary Fig. 4. The RB1 locus in the pig. Supplementary Fig. 5. DNA 
methylation profile within the human locus between MTRF1 and WBP4. 
Supplementary Fig. 6. mRNA expression levels within the MTRF1-WBP4 
interval in pig embryos. Supplementary Fig. 7. Positive and negative 
controls of maternal imprinting. Supplementary Fig. 8. Comparison of 
CpG islands in the promoter region of KBTBD6 gene and motif analyses. 
Supplementary Fig. 9. Mouse Kbtbd6 mRNA expression. Supplemen‑
tary Fig. 10. Biallelic expression of mouse Kbtbd6 in F1i and F1r. Supple‑
mentary Fig. 11. Biallelic expression of mouse Kbtbd6 in F1. Supple‑
mentary Fig. 12. Non-transcriptional initiation and unmethylation at the 
CpG promoter of KBTBD6 in the rhesus monkey. Supplementary Fig. 13. 
Absence of transcriptional initiation at the CpG promoter of the Kbtbd6 
gene in the rat.

Additional file 5: Supplementary Table 4. Comparison of CpG island 
lengths across species.

Additional file 6: Supplementary Table 5. Analyses of unique (non-
matched) motifs within the putative KBTBD6 promoters in livestock and 
dogs.

Additional file 7: Supplementary Table 6. Read counts of informative 
SNPs within the KBTBD6 transcripts.

Acknowledgements
We are thankful to Ms. Michelle Milligan for proofreading this manuscript.

https://doi.org/10.1186/s40104-023-00931-3
https://doi.org/10.1186/s40104-023-00931-3


Page 17 of 19Ahn et al. Journal of Animal Science and Biotechnology          (2023) 14:131 	

Availability of codes
Source codes used for the analyses during this manuscript preparation will be 
available in our GitHub repository (https://​github.​com/​jinsa​hn/​genom​ic_​impri​
nting_​comp).

Authors’ contributions
Conceptualization, KL, SH, and JA; methodology, JA, ISH, and MRP; processing 
sequencing data, JA; validation, JA and KL; formal analysis, JA; investigation, 
JA, ISH, and MRP; resources, ISH; writing—original draft preparation, JA and KL; 
writing—review and editing, JA, SH, and KL; visualization, JA; supervision, SH 
and KL; funding acquisition, SH, and KL.

Funding
This work was partially supported by the United States Department of 
Agriculture National Institute of Food and Agriculture Hatch Grant (Project No. 
OHO01304).

Availability of data and materials
Sequencing data generated in this study have been submitted to the NCBI 
Gene Expression Omnibus (GEO; https://​www.​ncbi.​nlm.​nih.​gov/​geo/) under 
accession number GSE218487.

Declarations

Ethics approval and consent to participate
All animal procedures were approved by the Institutional Animal Care and Use 
Committee (IACUC) of the National Institute of Animal Science, Rural Develop‑
ment Administration (RDA) of Korea (NIAS2015-670).

Consent for publication
Not applicable.

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

Received: 2 June 2023   Accepted: 21 August 2023

References
	1.	 Franklin GC, Adam GI, Ohlsson R. Genomic imprinting and mammalian 

development. Placenta. 1996;17(1):3–14.
	2.	 Greenberg MVC, Bourc’his D. The diverse roles of DNA methyla‑

tion in mammalian development and disease. Nat Rev Mol Cell Biol. 
2019;20(10):590–607.

	3.	 Zeng Y, Chen T. DNA methylation reprogramming during mammalian 
development. Genes (Basel). 2019;10(4):257.

	4.	 da Rocha ST, Gendrel AV. The influence of DNA methylation on monoal‑
lelic expression. Essays Biochem. 2019;63(6):663–76.

	5.	 Ono R, Kobayashi S, Wagatsuma H, Aisaka K, Kohda T, Kaneko-Ishino T, 
et al. A retrotransposon-derived gene, PEG10, is a novel imprinted gene 
located on human chromosome 7q21. Genomics. 2001;73(2):232–7.

	6.	 Grabowski M, Zimprich A, Lorenz-Depiereux B, Kalscheuer V, Asmus 
F, Gasser T, et al. The epsilon-sarcoglycan gene (SGCE), mutated in 
myoclonus-dystonia syndrome, is maternally imprinted. Eur J Hum Genet. 
2003;11(2):138–44.

	7.	 Piras G, El Kharroubi A, Kozlov S, Escalante-Alcalde D, Hernandez L, Cope‑
land NG, et al. Zac1 (Lot1), a potential tumor suppressor gene, and the 
gene for epsilon-sarcoglycan are maternally imprinted genes: identifica‑
tion by a subtractive screen of novel uniparental fibroblast lines. Mol Cell 
Biol. 2000;20(9):3308–15.

	8.	 Ono R, Shiura H, Aburatani H, Kohda T, Kaneko-Ishino T, Ishino F. Iden‑
tification of a large novel imprinted gene cluster on mouse proximal 
chromosome 6. Genome Res. 2003;13(7):1696–705.

	9.	 Ahn J, Hwang IS, Park MR, Cho IC, Hwang S, Lee K. The landscape of 
genomic imprinting at the porcine SGCE/PEG10 locus from methyl‑
ome and transcriptome of parthenogenetic embryos. G3 (Bethesda). 
2020;10(11):4037–47.

	10.	 Duan JE, Zhang M, Flock K, Seesi SA, Mandoiu I, Jones A, et al. Effects of 
maternal nutrition on the expression of genomic imprinted genes in 
ovine fetuses. Epigenetics. 2018;13(8):793–807.

	11.	 Tian XC. Genomic imprinting in farm animals. Annu Rev Anim Biosci. 
2014;2:23–40.

	12.	 Ahn J, Hwang IS, Park MR, Hwang S, Lee K. Genomic imprinting at the 
Porcine DIRAS3 Locus. Animals (Basel). 2021;11(5):1315.

	13.	 Gupta VA, Beggs AH. Kelch proteins: emerging roles in skeletal muscle 
development and diseases. Skelet Muscle. 2014;4:11.

	14.	 Genau HM, Huber J, Baschieri F, Akutsu M, Dotsch V, Farhan H, et al. CUL3-
KBTBD6/KBTBD7 ubiquitin ligase cooperates with GABARAP proteins to 
spatially restrict TIAM1-RAC1 signaling. Mol Cell. 2015;57(6):995–1010.

	15.	 Boissier P, Huynh-Do U. The guanine nucleotide exchange factor Tiam1: a 
Janus-faced molecule in cellular signaling. Cell Signal. 2014;26(3):483–91.

	16.	 Moller LLV, Klip A, Sylow L. Rho GTPases-emerging regulators of glucose 
homeostasis and metabolic health. Cells. 2019;8(5):434.

	17.	 Wu YQ, Zhao H, Li YJ, Khederzadeh S, Wei HJ, Zhou ZY, et al. Genome-
wide identification of imprinted genes in pigs and their different imprint‑
ing status compared with other mammals. Zool Res. 2020;41(6):721–5.

	18.	 Al Adhami H, Bardet AF, Dumas M, Cleroux E, Guibert S, Fauque P, et al. A 
comparative methylome analysis reveals conservation and divergence of 
DNA methylation patterns and functions in vertebrates. BMC Biol. 2022;20:70.

	19.	 Kwon DJ, Kim DH, Hwang IS, Kim DE, Kim HJ, Kim JS, et al. Generation of 
alpha-1,3-galactosyltransferase knocked-out transgenic cloned pigs with 
knocked-in five human genes. Transgenic Res. 2017;26(1):153–63.

	20.	 Ahn J, Wu H, Lee J, Hwang IS, Yu D, Ahn JS, 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(1):96.

	21.	 Park CH, Uh KJ, Mulligan BP, Jeung EB, Hyun SH, Shin T, et al. Analysis of 
imprinted gene expression in normal fertilized and uniparental preim‑
plantation porcine embryos. PLoS ONE. 2011;6(7):e22216.

	22.	 Bischoff SR, Tsai S, Hardison N, Motsinger-Reif AA, Freking BA, Piedrahita 
JA. Functional genomic approaches for the study of fetal/placental devel‑
opment in swine with special emphasis on imprinted genes. Soc Reprod 
Fertil Suppl. 2009;66:245–64.

	23.	 Krueger F, Andrews SR. Bismark: a flexible aligner and methylation caller 
for Bisulfite-Seq applications. Bioinformatics. 2011;27(11):1571–2.

	24.	 Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR: 
ultrafast universal RNA-seq aligner. Bioinformatics. 2013;29(1):15–21.

	25.	 Juhling F, Kretzmer H, Bernhart SH, Otto C, Stadler PF, Hoffmann S. 
metilene: fast and sensitive calling of differentially methylated regions 
from bisulfite sequencing data. Genome Res. 2016;26(2):256–62.

	26.	 Hahne F, Ivanek R. Visualizing genomic data using Gviz and Bioconductor. 
Methods Mol Biol. 2016;1418:335–51.

	27.	 Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The 
Sequence Alignment/Map format and SAMtools. Bioinformatics. 
2009;25(16):2078–9.

	28.	 Ramirez F, Dundar F, Diehl S, Gruning BA, Manke T. deepTools: a flex‑
ible platform for exploring deep-sequencing data. Nucleic Acids Res. 
2014;42(W1):W187–91.

	29.	 Patro R, Duggal G, Love MI, Irizarry RA, Kingsford C. Salmon provides fast 
and bias-aware quantification of transcript expression. Nat Methods. 
2017;14(4):417–9.

	30.	 Hendrickson PG, Dorais JA, Grow EJ, Whiddon JL, Lim JW, Wike CL, 
et al. Conserved roles of mouse DUX and human DUX4 in activating 
cleavage-stage genes and MERVL/HERVL retrotransposons. Nat Genet. 
2017;49(6):925–34.

	31.	 Xia W, Xu J, Yu G, Yao G, Xu K, Ma X, et al. Resetting histone modi‑
fications during human parental-to-zygotic transition. Science. 
2019;365(6451):353–60.

	32.	 Zhu P, Guo H, Ren Y, Hou Y, Dong J, Li R, et al. Single-cell DNA methy‑
lome sequencing of human preimplantation embryos. Nat Genet. 
2018;50(1):12–9.

	33.	 Bernstein BE, Stamatoyannopoulos JA, Costello JF, Ren B, Milosavljevic A, 
Meissner A, et al. The NIH roadmap epigenomics mapping consortium. 
Nat Biotechnol. 2010;28(10):1045–8.

	34.	 Ruebel ML, Schall PZ, Midic U, Vincent KA, Goheen B, VandeVoort CA, 
et al. Transcriptome analysis of rhesus monkey failed-to-mature oocytes: 
deficiencies in transcriptional regulation and cytoplasmic maturation of 
the oocyte mRNA population. Mol Hum Reprod. 2018;24(10):478–94.

https://github.com/jinsahn/genomic_imprinting_comp
https://github.com/jinsahn/genomic_imprinting_comp
https://www.ncbi.nlm.nih.gov/geo/


Page 18 of 19Ahn et al. Journal of Animal Science and Biotechnology          (2023) 14:131 

	35.	 Gao F, Niu Y, Sun YE, Lu H, Chen Y, Li S, et al. De novo DNA meth‑
ylation during monkey pre-implantation embryogenesis. Cell Res. 
2017;27(4):526–39.

	36.	 Mendizabal I, Shi L, Keller TE, Konopka G, Preuss TM, Hsieh TF, et al. 
Comparative methylome analyses identify epigenetic regulatory loci of 
human brain evolution. Mol Biol Evol. 2016;33(11):2947–59.

	37.	 Lazar NH, Nevonen KA, O’Connell B, McCann C, O’Neill RJ, Green RE, et al. 
Epigenetic maintenance of topological domains in the highly rearranged 
gibbon genome. Genome Res. 2018;28(7):983–97.

	38.	 Zhang B, Zheng H, Huang B, Li W, Xiang Y, Peng X, et al. Allelic reprogram‑
ming of the histone modification H3K4me3 in early mammalian develop‑
ment. Nature. 2016;537(7621):553–7.

	39.	 Brind’Amour J, Kobayashi H, Richard Albert J, Shirane K, Sakashita A, 
Kamio A, et al. LTR retrotransposons transcribed in oocytes drive species-
specific and heritable changes in DNA methylation. Nat Commun. 
2018;9:3331.

	40.	 Zheng X, Li Z, Wang G, Wang H, Zhou Y, Zhao X, et al. Sperm epigenetic 
alterations contribute to inter- and transgenerational effects of paternal 
exposure to long-term psychological stress via evading offspring embry‑
onic reprogramming. Cell Discov. 2021;7:101.

	41.	 Luo Y, Hitz BC, Gabdank I, Hilton JA, Kagda MS, Lam B, et al. New develop‑
ments on the Encyclopedia of DNA Elements (ENCODE) data portal. 
Nucleic Acids Res. 2020;48(D1):D882–9.

	42.	 Bu G, Zhu W, Liu X, Zhang J, Yu L, Zhou K, et al. Coordination of zygotic 
genome activation entry and exit by H3K4me3 and H3K27me3 in porcine 
early embryos. Genome Res. 2022;32(8):1487–501.

	43.	 Lu X, Zhang Y, Wang L, Wang L, Wang H, Xu Q, et al. Evolutionary 
epigenomic analyses in mammalian early embryos reveal species-
specific innovations and conserved principles of imprinting. Sci Adv. 
2021;7(48):eabi6178.

	44.	 Ivanova E, Canovas S, Garcia-Martinez S, Romar R, Lopes JS, Rizos D, 
et al. DNA methylation changes during preimplantation develop‑
ment reveal inter-species differences and reprogramming events at 
imprinted genes. Clin Epigenetics. 2020;12:64.

	45.	 Yang Y, Fan X, Yan J, Chen M, Zhu M, Tang Y, et al. A comprehensive 
epigenome atlas reveals DNA methylation regulating skeletal muscle 
development. Nucleic Acids Res. 2021;49(3):1313–29.

	46.	 Chu C, Zhang W, Kang Y, Si C, Ji W, Niu Y, et al. Analysis of develop‑
mental imprinting dynamics in primates using SNP-free meth‑
ods to identify imprinting defects in cloned placenta. Dev Cell. 
2021;56(20):2826–40 e7.

	47.	 Jeong H, Mendizabal I, Berto S, Chatterjee P, Layman T, Usui N, et al. 
Evolution of DNA methylation in the human brain. Nat Commun. 
2021;12:2021.

	48.	 Blake LE, Roux J, Hernando-Herraez I, Banovich NE, Perez RG, Hsiao CJ, 
et al. A comparison of gene expression and DNA methylation patterns 
across tissues and species. Genome Res. 2020;30(2):250–62.

	49.	 Schroeder DI, Jayashankar K, Douglas KC, Thirkill TL, York D, Dickinson 
PJ, et al. Early developmental and evolutionary origins of gene body 
DNA methylation patterns in mammalian placentas. PLoS Genet. 
2015;11(8):e1005442.

	50.	 Fan Y, Liang Y, Deng K, Zhang Z, Zhang G, Zhang Y, et al. Analysis of 
DNA methylation profiles during sheep skeletal muscle develop‑
ment using whole-genome bisulfite sequencing. BMC Genomics. 
2020;21:327.

	51.	 Li C, Li Y, Zhou G, Gao Y, Ma S, Chen Y, et al. Whole-genome bisulfite 
sequencing of goat skins identifies signatures associated with hair 
cycling. BMC Genomics. 2018;19:638.

	52.	 Fujimoto A, Furuta M, Totoki Y, Tsunoda T, Kato M, Shiraishi Y, et al. Whole-
genome mutational landscape and characterization of noncoding and 
structural mutations in liver cancer. Nat Genet. 2016;48(5):500–9.

	53.	 Yang XZ, Chen JY, Liu CJ, Peng J, Wee YR, Han X, et al. Selectively 
constrained RNA editing regulation crosstalks with piRNA biogenesis in 
primates. Mol Biol Evol. 2015;32(12):3143–57.

	54.	 Garcia-Perez R, Esteller-Cucala P, Mas G, Lobon I, Di Carlo V, Riera M, et al. 
Epigenomic profiling of primate lymphoblastoid cell lines reveals the 
evolutionary patterns of epigenetic activities in gene regulatory architec‑
tures. Nat Commun. 2021;12:3116.

	55.	 Megquier K, Genereux DP, Hekman J, Swofford R, Turner-Maier J, Johnson 
J, et al. BarkBase: Epigenomic annotation of canine genomes. Genes 
(Basel). 2019;10(6):433.

	56.	 Zhang Y, Zhang L, Yue J, Wei X, Wang L, Liu X, et al. Genome-wide identifi‑
cation of RNA editing in seven porcine tissues by matched DNA and RNA 
high-throughput sequencing. J Anim Sci Biotechnol. 2019;10:24.

	57.	 Dorji J, Vander Jagt CJ, Garner JB, Marett LC, Mason BA, Reich CM, et al. 
Expression of mitochondrial protein genes encoded by nuclear and 
mitochondrial genomes correlate with energy metabolism in dairy cattle. 
BMC Genomics. 2020;21:720.

	58.	 Moran B, Cummins SB, Creevey CJ, Butler ST. Transcriptomics of liver 
and muscle in Holstein cows genetically divergent for fertility highlight 
differences in nutrient partitioning and inflammation processes. BMC 
Genomics. 2016;17:603.

	59.	 Mortazavi M, Ren Y, Saini S, Antaki D, St Pierre CL, Williams A, et al. SNPs, 
short tandem repeats, and structural variants are responsible for dif‑
ferential gene expression across C57BL/6 and C57BL/10 substrains. Cell 
Genom. 2022;2(3):100102.

	60.	 Keane TM, Goodstadt L, Danecek P, White MA, Wong K, Yalcin B, et al. 
Mouse genomic variation and its effect on phenotypes and gene regula‑
tion. Nature. 2011;477(7364):289–94.

	61.	 Sarver BA, Keeble S, Cosart T, Tucker PK, Dean MD, Good JM. Phy‑
logenomic insights into mouse evolution using a pseudoreference 
approach. Genome Biol Evol. 2017;9(3):726–39.

	62.	 Babak T, DeVeale B, Tsang EK, Zhou Y, Li X, Smith KS, et al. Genetic conflict 
reflected in tissue-specific maps of genomic imprinting in human and 
mouse. Nat Genet. 2015;47(5):544–9.

	63.	 Mack KL, Campbell P, Nachman MW. Gene regulation and speciation in 
house mice. Genome Res. 2016;26(4):451–61.

	64.	 Ahn J, Lee J, Kim DH, Hwang IS, Park MR, Cho IC, et al. Loss of monoallelic 
expression of IGF2 in the adult liver via alternative promoter usage and 
chromatin reorganization. Front Genet. 2022;13:920641.

	65.	 Blake JA, Baldarelli R, Kadin JA, Richardson JE, Smith CL, Bult CJ, et al. 
Mouse Genome Database (MGD): Knowledgebase for mouse-human 
comparative biology. Nucleic Acids Res. 2021;49(D1):D981–7.

	66.	 Lee BT, Barber GP, Benet-Pages A, Casper J, Clawson H, Diekhans M, et al. 
The UCSC Genome Browser database: 2022 update. Nucleic Acids Res. 
2022;50(D1):D1115–22.

	67.	 Xie W, Barr CL, Kim A, Yue F, Lee AY, Eubanks J, et al. Base-resolution analy‑
ses of sequence and parent-of-origin dependent DNA methylation in the 
mouse genome. Cell. 2012;148(4):816–31.

	68.	 Ryan DP. MethylDackel. 2019. https://​github.​com/​dprya​n79/​methy​ldack​
el. Accessed 1 Feb 2023.

	69.	 Kumaki Y, Oda M, Okano M. QUMA: quantification tool for methylation 
analysis. Nucleic Acids Res. 2008;36(suppl_2):W170–5.

	70.	 Kumar S, Stecher G, Suleski M, Hedges SB. TimeTree: A resource for Time‑
lines, Timetrees, and Divergence Times. Mol Biol Evol. 2017;34(7):1812–9.

	71.	 Rambaut A. FigTree v.1.4.4. 2018. http://​tree.​bio.​ed.​ac.​uk/​softw​are/​figtr​ee. 
Accessed 25 Jul 2022.

	72.	 Love MI, Huber W, Anders S. Moderated estimation of fold change and 
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15(12):550.

	73.	 Kanber D, Berulava T, Ammerpohl O, Mitter D, Richter J, Siebert R, et al. The 
human retinoblastoma gene is imprinted. PLoS Genet. 2009;5(12):e1000790.

	74.	 Kanber D, Buiting K, Roos C, Gromoll J, Kaya S, Horsthemke B, et al. The 
origin of the RB1 imprint. PLoS One. 2013;8(11):e81502.

	75.	 Baulina N, Kiselev I, Favorova O. Imprinted genes and multiple sclerosis: 
What do we know? Int J Mol Sci. 2021;22(3):1346.

	76.	 Goodrich DW. The retinoblastoma tumor-suppressor gene, the exception 
that proves the rule. Oncogene. 2006;25(38):5233–43.

	77.	 Thurston A, Taylor J, Gardner J, Sinclair KD, Young LE. Monoallelic expres‑
sion of nine imprinted genes in the sheep embryo occurs after the 
blastocyst stage. Reproduction. 2008;135:29–40.

	78.	 Wu C, Jin X, Tsueng G, Afrasiabi C, Su AI. BioGPS: building your own 
mash-up of gene annotations and expression profiles. Nucleic Acids Res. 
2016;44(D1):D313–6.

	79.	 Lattin JE, Schroder K, Su AI, Walker JR, Zhang J, Wiltshire T, et al. Expression 
analysis of G protein-coupled receptors in mouse macrophages. Immu‑
nome Res. 2008;4:5.

	80.	 Bogutz AB, Brind’Amour J, Kobayashi H, Jensen KN, Nakabayashi K, Imai 
H, et al. Evolution of imprinting via lineage-specific insertion of retroviral 
promoters. Nat Commun. 2019;10:5674.

	81.	 Stewart KR, Veselovska L, Kim J, Huang J, Saadeh H, Tomizawa S, et al. 
Dynamic changes in histone modifications precede de novo DNA meth‑
ylation in oocytes. Genes Dev. 2015;29(23):2449–62.

https://github.com/dpryan79/methyldackel
https://github.com/dpryan79/methyldackel
http://tree.bio.ed.ac.uk/software/figtree


Page 19 of 19Ahn et al. Journal of Animal Science and Biotechnology          (2023) 14:131 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	82.	 Yano S, Ishiuchi T, Abe S, Namekawa SH, Huang G, Ogawa Y, et al. Histone 
H3K36me2 and H3K36me3 form a chromatin platform essential for 
DNMT3A-dependent DNA methylation in mouse oocytes. Nat Commun. 
2022;13:4440.

	83.	 Xu Q, Xiang Y, Wang Q, Wang L, Brind’Amour J, Bogutz AB, et al. SETD2 
regulates the maternal epigenome, genomic imprinting and embryonic 
development. Nat Genet. 2019;51(5):844–56.

	84.	 Smallwood SA, Tomizawa S, Krueger F, Ruf N, Carli N, Segonds-Pichon A, 
et al. Dynamic CpG island methylation landscape in oocytes and preim‑
plantation embryos. Nat Genet. 2011;43(8):811–4.

	85.	 Shirane K, Miura F, Ito T, Lorincz MC. NSD1-deposited H3K36me2 directs 
de novo methylation in the mouse male germline and counteracts 
Polycomb-associated silencing. Nat Genet. 2020;52(10):1088–98.

	86.	 Wessler SR. Transposable elements and the evolution of eukaryotic 
genomes. Proc Natl Acad Sci U S A. 2006;103(47):17600–1.

	87.	 Lander ES, Linton LM, Birren B, Nusbaum C, Zody MC, Baldwin J, 
et al. Initial sequencing and analysis of the human genome. Nature. 
2001;409(6822):860–921.

	88.	 Mouse Genome Sequencing Consortium. Initial sequencing and com‑
parative analysis of the mouse genome. Nature. 2002;420:520–62.

	89.	 Crichton JH, Dunican DS, Maclennan M, Meehan RR, Adams IR. 
Defending the genome from the enemy within: mechanisms of 
retrotransposon suppression in the mouse germline. Cell Mol Life Sci. 
2014;71(9):1581–605.

	90.	 Liang D, Zhao P, Si J, Fang L, Pairo-Castineira E, Hu X, et al. Genomic analy‑
sis revealed a convergent evolution of LINE-1 in coat color: A case study 
in water buffaloes (Bubalus bubalis). Mol Biol Evol. 2021;38(3):1122–36.

	91.	 Moore T, Haig D. Genomic imprinting in mammalian development: a 
parental tug-of-war. Trends Genet. 1991;7(2):45–9.

	92.	 Haig D. Genomic imprinting and kinship: how good is the evidence? 
Annu Rev Genet. 2004;38:553–85.

	93.	 Hu ZL, Park CA, Reecy JM. Bringing the Animal QTLdb and CorrDB into 
the future: meeting new challenges and providing updated services. 
Nucleic Acids Res. 2022;50(D1):D956–61.

	94.	 Milan D, Bidanel JP, Iannuccelli N, Riquet J, Amigues Y, Gruand J, et al. 
Detection of quantitative trait loci for carcass composition traits in pigs. 
Genet Sel Evol. 2002;34(6):705–28.

	95.	 Alexander LJ, Geary TW, Snelling WM, Macneil MD. Quantitative trait loci 
with additive effects on growth and carcass traits in a Wagyu-Limousin F2 
population. Anim Genet. 2007;38(4):413–6.


	Imprinting at the KBTBD6 locus involves species-specific maternal methylation and monoallelic expression in livestock animals
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Methods
	Ethics statement
	Sample collection
	Whole-genome bisulfite sequencing
	RNA sequencing
	Analysis of WGBS and RNA-seq
	Data mining and processing
	Analysis of allelic DNA methylation
	Phylogenetic analysis
	Statistical analysis

	Results
	Profiling DNA methylation and gene expression led to detection of DMRs and imprinted expression
	A DMR exists near the porcine KBTBD6 gene but not at the orthologous human locus, which oppositely occurred in relation to the RB1 locus
	Within the analyzed loci, expression of the KBTBD6 gene only in bi-parental embryos, but not in uni-maternal embryos, indicates paternal allele expression
	Mammalian DNA methylation at the KBTBD6 locus shows oocyte- and species-specificity
	Bi- or mono-allelic expression of the KBTBD6 gene is grouped in the same manner with the species-specific methylation pattern
	Transcription, histone modifications and DNA methylation at the KBTBD6 locus occurred in a species-specific manner
	Phylogenetic representation indicates a recent acquisition of KBTBD6 imprinting

	Discussion
	Conclusions
	Anchor 27
	Acknowledgements
	References


