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Abstract: The objective of this study was to investigate the imprinting status and to search for
potential DNA differentially methylated regions (DMRs) of the DLK1-DIO3 domain in bovine
placentas. In this study, whole genome sequencing (WGS) was performed on 3 bovine placentas and
their parents to mining the informative single nucleotide polymorphisms (SNPs). The imprinting
status of genes in the DLK1-DIO3 domain were determined by the combined analysis of WGS and
transcriptome sequencing (RNA-seq) results. The DMRs were identified by combination of WGS
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and whole genome bisulfite sequencing (WGBS) data. WGS and RNA-seq results showed that
MEG3, MEGS and MEGY genes were maternally expressed imprinted genes and DLK1, RTL1 and
DIO3 genes were paternally expressed imprinted genes. The WGBS data analysis showed that 4
DMRs, DIk1-DMR, IG-DMR, Gtl2-DMR and Meg8-DMR were conserved in human and mouse,
and 5 new DMRs were identified, DLK1-DMRO and DLK1-DMR1 located upstream of the DLK1
gene, MEG9-DMR in MEGY9 promoter region, and DIO3-DMRI1 and DIO3-DMR2 located
upstream of DIO3 genes, respectively. The results indicate that the imprinted status and differentially
methylated regions of bovine DLK1-DIO3 imprinted region are highly conserved to human and
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mouse.

In addition, 5 potential DMRs were identified in bovine DLK1-DIO3 region, and their

regulating mechanism on the DLK1-DIO3 imprinted region needs to be further investigated.
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A. DLK1-DIO3 EJig X 3k N A9 EIC 8 IR, 15 3k 32 7R 2 DR 6 53 1), 200 6 HE 3R /R A IR B B X, 00 HE 6 /R R TR EE 26 K
B-D. DLK1 .RTL1 I DIO3 J PB4 A FE N 55 ;E-G. MEG3 . MEGS Fl MEG9 g 1 8 25 A 35 [N 255 , MEG3 Fl MEG8 3t 7l
LR 7R 4 SNP 7 AL (R ENE AR 25

A. Imprinted genes within the DLK1-DIO3 imprinted region, arrows represent direction of transcription, red boxes represent
paternally imprinted genes, blue boxes represent maternally imprinted genes; B-D. DLK1, RTLland DIO3 genes exhibit
paternal allele expression; E-G. MEG3, MEGS and MEGY genes exhibit maternal allele expression, demonstration of imprinting
status at only some of the SNP loci regarding the MEG3 and MEGS genes

El1 DLK1-DIO3 X i3 3 i B FENIE KA

Fig. 1 Location and imprinting status of DLK1-DI0O3 domain
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C.4IG-DMRN K J¥51 DG, . A BURIAE i & e S ARl L
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AL B # P IG-DMR \MEG3-DMR KA CpG & B9 &, 4 (077 HE R 7R CpG &, 8 875 HE R s W (e 1 22 53 TR AL X5 B 1G-
DMR Uk AL A 5 C. A4 IG-DMR W 815D, 3 N CRURNA 1 IG-DMR & 7 S UL E. MEG3-DMR
PR TP IR AL RT3, 5 COME A i Y S B , 20 (B HE SR IR TP S A ik

A. The location of IG-DMR, MEG3-DMR and associated CpG islands in bovine placenta, green boxes indicate the location of
CpG islands and black boxes indicate potential differentially methylated regions; B. Representative methylation profiles of 1G-
DMR; C. Repeat sequences of IG-DMR in cattle; D. Similarity of repetitive sequences within the IG-DMR in pig, sheep,
human, mouse and cattle; E. Representative methylation profiles of MEG3-DMR, blue and red boxes are hypermethylated and
hypomethylated strands

B2 4fa&+ A IG-DMR 1 MEG3-DMR

Fig.2 IG-DMR and MEG3-DMR in bovine placenta
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Table 2 DMRs within the DLK1-DIO3 imprinted domain in bovine placenta

e Y L AL IR ALt gk

24k
L/ % R/ % )
DMRs N . N \ . . S HR /Y
MRs 7 7 Y A 1A FE A Methylation Methylation i#é_/.ﬁ
Name of . .. = . Methylation
T'he position on chromosome The position on genes rate of rate of .
DMRs difference
hypermethylated hypomethylated
. . rate
chains chains
IG-DMR chr21:65 708 298-65 714 157 DLK1 &K 15 MEG3 & X 7] 100 0 100
MEG3-DMR  chr21:65 721 981-65 726 571 MEG3 4K )5 87 X 100 0 100
DLK1-DMR  chr21:65 633 118-65 634 647 DLK1 3 3" iy 100 0 100
DLK1-DMRO chr21:65 609 912-65 610 655 DLK1 Mg 8h 7 X 100 0 100
DLKI1-DMR1 chr21:65 621 774-65 622 939 DLK1 £ 5 31+ IX 100 0 100
MEGS8-DMR  chr21:65 799 513-65 800 104 MEG8H K A 6 93.3 0 93.3
MEG9-DMR  chr21:65 955 048-65 955 286 MEG9 3 )5 3 7 X 100 8.3 91.7
DIO3-DMR1  chr21:66 464 165-66 464 578 MEG9%:H 5 DIO3 3 [H [A] 100 0 100
DIO3-DMR2  chr21:66 485 972-66 486 308 MEG9F:FE 5 DIO3 FE A [A] 81.8 0 81.8

2.3 DLK1ERE{IEHEXH DMRs

76 UCSC 8¥s v , DLK1 3E D 3B & | F i
FEAE 54 CpG &, Hoip CpG: 19(chr21: 65 608 823-
65 609 056) Fl CpG: 47(chr21: 65 609 728-65 610 458)
£ F DLK1 3R _E3iF A9 17 306 bp A1 15 904 bp 4k ;
CpG: 110(chr21: 65 625 869-65 627 121) fil CpG
51(chr21: 65 633 383-65 633 937) i T DLK1 £ [
53 A1 3/ A ;CpG: 16(chr21: 65 634 588-65 634 803)
fF DLK1 %K R 117 bp kb . 1t 4h , MethPrimer
BOpE U ) 14K A 108 bp, 4% 6 4 CpGs 1)
CpG 5 (CpG: 6) i T DLK1 W 4 3 7 X chr2l
65 621 980-65 622 087 &b (&1 3A) .

WGBS 04 & 3, F DLK1 JE B 37 K i 1
CpG: 51 MFER F A CpG: 16 EA Al FE 16 22 5 1
B Ap s, H 22 5 WAL 5w T 5020 (B 3B) , KA &
5 AN DLK1-DMR — 2, #£ 78 1% DMR 4 4
) DLK1-DMR, £ & 4 1 530 bp, fl $§ 92 4~ CpG
715

CpG: 47 F1 CpG: 6 FF7E H FE Ak K P A 1 25 22
S 4 BE, fr 4 8 DLK1-DMR1 Al DLKI1-
DMRO, HiHt DLK1-DMR1 K 4 744 bp, £ 8 444~
CG,DLKI-DMRO & £ 24 1 166 bp, f1 %% 3914~ CG,
gy WA F DLK1 /1 iE 15 707 bp ( Bl 3C)

F13 423 bp 4k (& 3D), DLK1-DMR.DLK1-DMR1
F DLK1-DMRO % o7 J [ [ia] 1) 22 55 HY 564k R 50 1
2, CpG: 19HI CpG: 110 43 51 5 B e A B 24k
RE(EI) .
2.4 MEGSEEMKW#H MEGS8-DMR

MEGS H: P WA A7 7E 34 CpG &, 43
A T MEG8 5 W J5 3h 7 X 1Y CpG: 220 (chr2l:
65 778 434-65 781 946) . & F 6 T Y CpG: 64
(chr21: 65 799 107-65 799 898) Fl N & F 7 h 1y
CpG: 22(chr21: 65 807 941-65 808 170) ( & 4A)
WGBS 8 i7n , CpG: 220 Fl CpG : 22 1y 5 H gk
Bk & (£ 3), CpG: 64 ¥ & H F i chr2l.
65799 513-65 800 104 i B 7 7F 2 5 W H: b 4% , L
e HORE AR BE Y PO Ak 30 93,300, IR 3 b
B R SR 0% (% 2) , I Wiz X
MEGS8-DMR, 4 £ 592 bp, f4 & 53 4~ CG . 1E il
i, Meg8-DMR 4> K 664 bp, 11 7% 26 4~ CG, f£ 7E
1 4~ CTCF 45 & i & (CTCF-BSs) CTCFBS3
(GTGCCACAAGGGGGCTGCCT) K (GGCG) n
TR 74 (E 4B) , 4 i MEGS8-DMR 7R {7 7E 1 4~
CTCFBS2 (AGCCCAGGGGAGGGCGCGGG) Hl
(GCG)n W EE ¥ 5 (K 4A) , 5 /N B MEGS-
DMR HA &Y B FRE
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A.DLK1-DMR, DLKI-DMRI1FIDLK 1-DMR O HIR A3 B

65610 000| 65 615 000| 65 620 000| 65 625 000| 65 630 000] 65 635 000|
DLK1 - L L
| | |
CpG: 19 CpG: 47 CpG: 6 CpG: 110 CpG: 51 CpG: 16
| |
DLK1-DMRI DLK1-DMRO DLKI1-DMR
B.DLK1-DMR C.DLK1-DMR1 D.DLK1-DMRO

chr21:65633118-65634647(1 530 bp, 92/~CG) chr21:65609912-65610655(744 bp, 441~CG) chr21:65621774-65622939)(1 166 bp, 394~CG)
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it ;D. DLK1-DMRO ft 3 #: H 34k el i3
A. The location of DMRs and associated CpG islands of the DLK1 gene in bovine placenta; B. Representative methylation
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profiles of DLK1-DMR; C. Representative methylation profiles of DLK1-DMR1; D. Representative methylation profiles of
DLK1-DMRO

B3 DLKI1-DMR.DLK1-DMRO# DLK1-DMR1 /4L B 1 B E R

Fig.3 Location and methylation status of DLK1-DMR, DLK1-DMR0 and DLK1-DMR1

A MEGS8-DMR [ B

65 780 O()Ol 65790 ()O()I 65 800 000| 65810 000f  65820000]  65830000[ 65840000 65850000| 65860 000] 65 870 l)OOl 65 880 0()0' 65 890 ()O()I 65 900 000| 65910 000|

MEGS | aaies | aan 4 f bt H bt R
R7L1
|| |
CpG: 220 CpG: 64 CpG: 22

ILMEG8-DMR: chr21: 65799513-65800104 (592 bp, 534~CG)

CTCFBS2 (GCG)n

CCGACGCAGCCCCCTCGCCCCCTCTGCCCTTGGCTCTTTGCEGGCOGCACGCTCCTTCCCGGGGCTCTCCAGAGCGAGCCCCCCETCCACGETGGGATCAGGTTAGEGGTTCCCCAGCCCLG

A O TT T T TTTTT TTT TT 1T T STATHTITATUTI TR TR T TTTT 17717 |
A A AA A [T i i 1 ) i e T TTTT 17711 |
A A A AA A AA A AAA A A A A ARA AR A

A A A AA A AAA AA A AAAA A A A A AAA AA AAA A
[ ATHN TITRTATAY TN TN T TR TS TT TR THSTITR T Ty TT 1T AT T T TTTT 17T ]

G AN A ARA A A A ARR Al ARAA A

A ARA AR AAAA A

B.MEG8-DMR

¢chr12:109612607-109613270(664 bp, 261~CG)

CTCFBS3 (GGCG)n
+ t + t ——+ +—FEFE R H— t +

AL AR MEGS-DMR K AH I CpG 5 96 & 5 B. /N I MEGS-DMR, # (A 5 CTCFBS, £ (A 5 & J7 51

A. The location of MEG8-DMR and associated CpG islands in bovine placenta; B. MEG8-DMR in the mouse, the yellow boxes
are CTCFBS, the brown boxes are repetitive sequences

B4 4As#EH MEGS-DMR B E | B E WK/ R H # MEGS-DMR

Fig. 4 Location and methylation status of MEG8-DMR in bovine placenta and MEG8-DMR in the mouse
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2.5 MEGYEHE Liiff) MEG9-DMR

CpG: 21 (chr2l: 65 955 048-65 955 286) #i
CpG: 22(chr21:65 961 272-65 961 510) fii T MEG9
FEH e B T (B 5A) o CpG: 21 %5 v 3 A ] 47

AMEG9-DMR R AR X7

1522 5 AR BE , IR 22 o 91, 700 (3R 2) L fir
# N MEG9-DMR, H A 239 bp, 17 214> CG
(EI5B). CpG: 22 ALH FELRE (R 3).

65955 000| 65956 000| 65957 000| 65 958 000

mEGY .

65959 000| 65960 000| 65961 000| 65 962 000

CpG: 21
|
MEG9-DMR

CpG: 22

B.MEG9-DMR

chr21:65955048-65955286 (239 bp, 211~CG)

s+ttt

CC6TGGCCCGTTCGCATTCTTCATGACGCACAATACACGGT CGGCCTCTCTTCGGTATCAAATCCCGCCTTGCATGCCTCCCGCACGCTCACCAGTGT CTGGTGTCCTCGAGGCCCAAGCACE

fr T, TR T TARTIAT, T N i T M TR Il T TR A TN T TETe A T T TR TANTAT, 1 T[T, TIT__ 171
I il T TT T Wy il TT_1T_ 1 1117 1 T 71171 T TT TIT_ 1|
AA A AA A Il £ A AA AA R RA A

A A AR A a1l A Aooa AoA AA  AA A A A A A
f il T I A AA A A AA A A

A. 4R H MEG9-DMR K ARG CpG B A7 ; B. MEG9-DMR X3 14 1 LAk 14 3%
A. The location of MEG9-DMR and associated CpG islands in bovine placenta; B. Representative methylation profiles of

MEG9-DMR
E5 4EJT MEGY-DMRBBMBELKE

Fig.5 Location and methylation status of MEG9-DMR in bovine placenta

2.6 DIO3E[A Lif5# DMRs

DIO3 FER N e BiEA 44~ CpG 8 T 5 4
R CpG: 29(chr2l: 66 464 257-66 464 578) Fll
CpG: 17 (chr21: 66 486 106-66 486 308) ff 7E
DMRs, fir 4 & DIO3-DMRI1 il DIO3-DMR2
(1 6A), DIO3-DMRI1iF DIO3FEH 117 29 819 bp
Ib KBk 414 bp, AU 324 CG (I 6B) . DIO3-
DMR2 fii F DIO3 % A I ¥ 8 089 bp &b, K & H
337 bp, % 204~ CG(E 6C) . M4h,DIOS3 LRy
CpG: 27 F1 DIO3 3L K Y CpG: 525 R IR H Hfk
R&E(FE3).

31

B 5 P TE iR 5 4 7 VR IG A2 K LR 2 b B
KA RAECHEAE AL FHIREDIC R N R B 7 2 %
BURIILRE =% R R R m s EA KT
R S8 R 0 s AL U ER S B R 3R A S 4y S BUE
SE I 98 45 B0 1 A LSS TR A R T 1
P 4L BN AT B T PR A S A 2 B B HE AR BEE AR

Y2435 L. DIk1-Dio3 X 3852 i 3L 3h 4w d5e K ) B
BRIz — T A4S 3k R125 g ak,
DIk1-Dio3 EiC X SO AU AE IS i Fl G £k & ol &
TEM R 5FT 20 T4 KXo R R N & 8 %
PIAROC" o 8 AN AN B iz X8k Dk Rell i
Dio3 R ENIE FE K, Meg3 . Meg8 Fil Meg9 55 i
JRERIC LAY . A ST 38 1 WGS A RNA-seq B &
Sy H 82 T DLK1 . RTL1 Ml DIO3 3 [ 78 4 h Xy
AR A L 23k, T MEG3 . MEGS il MEG9 3
D] Ay 5 5 55 o R TR 3R Gk, 5 ORI R A B AR S —
H, UL DLK1-DIO3 B g IX 38 7 3 Ak b 72 v g

SNP & J P21 v 5 % UL 1 as A% A8 S e
SNP ) RT-PCR FL# W 5 1 45 5 B a0 2 [N 4% R i
B H AR R AR, Tk i A DA D] G T 4R
FUEAUREIRTRE SR oS i DR TR BN i)
SNP {5 817, A 5 33 % iR 4% 5 47 42 3 P 41
J¥ ., 7 DLK1-DIO3 X 3 ) DLK1,RTL1, DIO3,
MEG3 MEG8 M MEG9 J:[H v & BL T 45 %4 () SNP
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A.DIO3-DMR 1 FIDIO3-DMR2 AT B
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DIO3 I
| [ |
CpG: 29 CpG: 17 CpG: 27 CpG: 525
[ |

DIO3-DMR1 DIO3-DMR2

B.DIO3-DMR1 C.DIO3-DMR2
chr21:66464165-66464578 (414 bp, 321~CG) chr21:66485972-66486308 (337 bp, 20~CG)
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A. The location of DMRs and associated CpG islands at the DIO3 gene in bovine placenta; B, C. Representative methylation

profiles of DIO3-DMR1 and DIO3-DMR2
E6

4 R4#2 1 DIO3-DMR1 #1 DIO3-DMR2 47 B Fn R R L IR 7

Fig. 6 Location and methylation status of DIO3-DMR1 and DIO3-DMR?2 in bovine placenta

*3 DLK1-DIO3EIEXBALERFEUXH CpG BEREURS
Table3 The methylation status of CpG islands without DMRs in the DLK1-DIO3 imprinted region

RN A CpG & = LI R DAL HEEIRR S
The position on chromosome CpG islands The position on genes Methylation status
chr21: 65 608 823-65 609 056 CpG: 19 DLK1 % F i [
chr21: 65 625 869-65 627 121 CpG: 110 DLK13EH 5" ik
chr21: 65 669 308-65 669 954 CpG: 46 DLK1 M MEG3#: R [7] 5
chr21: 65 670 829-65 671 044 CpG: 19 DLK1 M MEG3 3R 7] =
chr21: 65 701 370-65 701 641 CpG: 23 DLK1FMIMEG3 Al 5
chr21: 65 778 434-65 781 946 CpG: 220 RTL1FIMEGS8 3K I =2
chr21: 65 807 941-65 808 170 CpG: 22 MEGS8JE[H [ii] I [
chr21: 65961 272-65 961 510 CpG: 22 MEG9 #: 4 T i ik
chr21: 66 490 150-66 490 492 CpG: 27 DIO3 %A I i ik
chr21: 6 692 442-66 498 353 CpG: 525 DIO33EH I 1%

D7 NS e FE I I EE R S B i T Sl
TEN /N B A TE 34 A IR A5 A B R 2 Ak
) DMRs, DIk1-DMR . IG-DMR #il Gtl2-DMR""
AW 5% 38 o 4 i 3 WGBS B8 20 0, i 2 1 4
DLKI-DMR .IG-DMR 1 GTL2-DMR f4 {37 & Fl
J ,DLK1-DMR . IG-DMR #l GTL2-DMR 43 %I fif
T DLK1H: B 3" K & H T if .DLK1 5 MEG3 %
B E A MEG3 B S 8+ X, 5 AR/N b — 3.

IG-DMR & DLK1-DIO3 Ef i X 5% B9 Ep i ¥ ¥
DN VR A G TG-DMR N 53 B A7 AE 9

7 16 A F I3 AN HI L AW A E A

IG—DMR[XiEMT?EZM\EEIWU BEETHYS

UINELCE R B
DLK1-DIO3 [X 15 iy E
PRAF S

1E /N Y DIk1-Dio
B
T MEG8 I H N & F 2
M AEZT .

FUARIE R T 509 , Ui W
0 I A DXAE B Bl A

3 EpiC X I, Meg8-DMR Ky

SE FRE IR A 56 D] AR TR ) DMR, 37

rrtss2l gy A& CTCF 45 4 ff

Meg8-DMR 5 CTCF %54 7 15

B G 23 19O A L B AR 2 O 4o A e BY 3

g
2 microRNAs i85 -

Meg8-DMR 1k~ —

u;x]h.ﬂ R

A R IC Bk R
N KM, Meg8-
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DMR H & Ak 7K - B 47 5% 34 K 1fii 7+, B 5 Temple
GAIERER I ERA L AR E T4
MEGS8-DMR fii T MEGS 3 H 1y W & ¥ 6, 17 1
CTCF 454 5 X (GCGIn EE F 4, HARE 5 A
F/IN B BE R ST

A, 724 DLK1-DIO3 Bl K3k &3 T 54
¥ # DMRs, DLK1-DMRO. DLK1-DMR1.MEGY-
DMR . DIO3-DMR1 #1 DIO3-DMR2, 7& /M Bl ,
DIkl S A 8h F X B AEAE 14> 25 5 F 34k X (DIk1-
DMRO) , i F DZk1 3£ A F i 7. 4 kb 4™, 4= DLK1-
DMRO 5 /) Bl DIk1-DMRO ¥ B8 7 & AH )l , H 4
DMRs #£ H At 4 Ff opr i R WA GE o 3% 5 DMRs 40
8 DLK1-DIO3 [X 38 [l 30 5 K 1) 26 35 16 75 ik —
AT

4 &

4 MEG3 ,MEGS8 Ml MEG9 3 2 J5 BN iC 3 A,
DLK1 .RTL1#1 DIO3 B JE EIid £ 4 54 4~ DMRs
(DLK1-DMR. IG-DMR., MEG3-DMR Hl MEGS-
DMR) 5 A F/IN B b sy BE O SF A 38 A 45 545
KIH) DMRs.
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