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Abstract

The mammalian imprinted DI/k1-Dio3 domain contains multiple IncRNAs, mRNAs, the largest miRNA cluster in the genome
and four differentially methylated regions (DMRs), and deletion of maternally expressed RNA within this locus results
in embryonic lethality, but the mechanism by which this occurs is not clear. Here, we optimized the model of maternally
expressed RNAs transcription termination in the domain and found that the cause of embryonic death was apoptosis in the
embryo, particularly in the liver. We generated a mouse model of maternally expressed RNAs silencing in the DikI-Dio3
domain by inserting a 3 X polyA termination sequence into the G2 locus. By analyzing RNA-seq data of mouse embryos
combined with histological analysis, we found that silencing of maternally expressed RNAs in the domain activated apoptosis,
causing vascular rupture of the fetal liver, resulting in hemorrhage and injury. Mechanistically, termination of Gtl2 transcrip-
tion results in the silencing of maternally expressed RNAs and activation of paternally expressed genes in the interval, and
it is the gene itself rather than the IG-DMR and G#/2-DMR that causes the aforementioned phenotypes. In conclusion, these
findings illuminate a novel mechanism by which the silencing of maternally expressed RNAs within DI/k/-Dio3 domain
leads to hepatic hemorrhage and embryonic death through the activation of apoptosis.
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Introduction

Genomic imprinting is a unique epigenetic regulation that
results in parent-specific gene expression and is essential
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zhangtyo @hit.edu.cn for normal development and growth in mammals [1, 2]. As
5 Qiong Wu an important genomic region, the genes and elements in the
kigo@hit.edu.cn DIkI-Dio3 imprinting region play a key role in embryonic
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development, cell differentiation and disease occurrence [3,
4]. The study of this region provides insights into the mecha-
nisms of genomic imprinting and the functions of imprinted
genes in organism development and disease.

The long non-coding RNA (IncRNA) gene trap locus
2 (Gtl2), which is known as maternally expressed gene 3
(MEGS3) in humans and has an imprinting pattern of mater-
nal expression and paternal imprinting, is an imprinting
gene located in the DIkI-Dio3 imprinting gene cluster [5].
Downstream maternally expressed intergenic transcripts
are transcribed in the same direction as those of Gt/2, and
canonical promoter sequences are apparently absent from
this region, with all IncRNAs regulated by common cis-ele-
ments and epigenetic control to produce a large polycistronic
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transcription unit [6]. Furthermore, the tissue-specific fea-
tures of G#/2 and these microRNAs (miRNAs) are strikingly
similar, suggesting coordinated regulation of the expression
of these genes [7-9]. Three studies have shown that G#/2
knockout causes death of mouse. But curiously, the lethal
genotypes and phenotypes of mice in these studies were dif-
ferent, and some were even contradictory.

When the 9.8 kb region of Gt/2-DMR and exon 1-5
was knocked out, the maternal knockout mice were born
normally, but all died within 4 weeks, while the paternal
knockout mice showed growth retardation and perinatal
mortality, meanwhile, the homozygous knockout mice
could survive normally [10]. Another study also knocked
out a 5.9 kb fragment in the similar region of Gtl2, but the
results were completely different: maternal and homozygous
knockout mice resulted in perinatal death, while paternal
knockout mice were born and developed normally [11].
By constructing mouse models with deletion of Meg3 1-4
exon (Meg3“'=*) and deleton of Meg3 2—4 exon deletion
(Meg32*™), it was found that maternal Meg3*'~* caused
the death of embryos at embryonic day 13.5 (E13.5), and
the maternal Meg3A2‘4 mice were able to be born normally,
however, the data information of homozygous double dele-
tion in parents was missing [12]. Although these three
reports all focused on G2 gene knockout, the conclusions
obtained were not mutually corroborative and even contra-
dictory. After comparing the three reported gene knockout
regions, it was found that the large knockout gene may
lead to the deletion of miRNAs, G#/2-DMR and genomic
regulatory elements within the G#/2 gene, or interfere with
the active open chromatin region in the G#/2 locus, so the
obtained experimental results did not reflect the true role of
Gtl2. In addition, several articles have pointed out that gene
knockout is not suitable for the study of IncRNA function,
which may cause false positive results [13, 14]. Therefore,
a new method that can accurately describe the function of
IncRNA is urgently needed.

The mammalian fetal liver can not only participate in
glucose and lipid metabolism, but also synthesize sub-
stances such as hemoglobin, coagulation factors and
bilirubin [15-19]. Meanwhile, as a major hematopoietic
organ, the fetal liver provides the embryo with essential
erythrocytes and other blood components [20, 21]. In addi-
tion, when the blood vessels of fetal liver are damaged
and hemorrhage occurs, it will cause serious consequences
such as liver damage, abdominal hemorrhage, embryonic
development restriction and even death [22, 23]. Previ-
ous studies have mainly explored the role of fetal liver in
metabolism, hematopoiesis and regeneration, but lack of
exploration of liver vascular development. There is a close
relationship between DIkI-Dio3 domain and the fetal liver.
Previous studies have described that the gene expression
in this region has an important impact on the metabolism
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and hematopoietic functions of the fetal liver [20, 21, 24],
but the description of the development of the liver vascular
system is lacking.

In this study, the Easi-CRISPR strategy was used to
successfully establish Gt/2 transcription termination mice
model by inserting 3 X polyA termination sequence [25].
Our previous studies have reported the importance of this
domain for placental vasculature [25]. Subsequently, we
observed that silencing of maternally expressed RNAs in
DIki-Dio3 domain resulted in embryonic lethality due to
liver vascular damage, fatal hepatic hemorrhage in mice.
Precise gene expression analysis showed that after G#/2
transcription termination, maternally expressed RNAs in
the Dlkl-Dio3 domain were almost completely silenced,
while paternally expressed genes were activated. Together,
this study explained that silencing of maternally expressed
RNAs in DlkiI-Dio3 domain caused apoptosis in embryo,
especially in liver, leading to vascular damage, causing large
area of liver hemorrhage and embryonic death.

Materials and methods
Animals

We improved and optimized the Easi-CRISPR gene knock-
in method [26]. According to the prediction analysis of the
websites ((http://crispr.wustl.edu/ and http://www.rgeno
me.net/cas-designer/), we found an efficient sgRNA after
G112 promoter, formed RNP complex with Cas9 protein and
gRNA, and then microinjected the fertilized male pronucleus
together with ssDNA, and efficiently established the mouse
model of transcription termination of maternally expressed
RNA in DikI-Dio3 domain. GrI2** female mice were mated
with G#2+PYA male mice for propagation and expansion of
the system. Male and female mice were mated at 6:00p.m.
and vaginal suppositories were tested at 9:00a.m., the next
day, and the presence of vaginal plugs was marked as EQ.5.
B6D2F1 (BDF1) female mice were induced to superovulate,
and the superovulated females were mated with BDF1 male
mice for zygote collection. The initial pronuclear injection
was performed in these zygotes. The SNP site on the Dik]
locus could distinguish whether the newborn mice were of
C57BL/6N or DBA/2J background, and finally one male
mouse of C57BL/6N and DBA/2J background was selected
as founder mice of the two strains for subsequent experi-
ments. The mice used for biallelic expression and meth-
ylation analysis were derived from the hybrid offspring of
DBA/2J and C57BL/6N strains, while the remaining exper-
imental strains in this study were all from DBA/2J mice.
Wide-type DBA/2J and C57BL/6N mice were purchased
from Beijing, Weitonglihua.


http://crispr.wustl.edu/
http://www.rgenome.net/cas-designer/
http://www.rgenome.net/cas-designer/
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RNA-seq analysis

We selected one sample from each of the four genotypes
and extracted 1 pg of total RNA, and the cDNA library
was generated and sequenced on Illumina sequencing
platform provided by Biomarker technologies (Wuhan,
China) (www.biomarker.com.cn). We used FASTQ to
assess the quality of sequencing data, and poor-quality
reads were removed. We selected mouse GRCm38/mm10
as the reference genome, and relied on several comprehen-
sive databases such as Ensembl (https://asia.ensembl.org/
index.html) and GENCODE (https://www.gencodegenes.
org/) to identify and annotate mRNAs and IncRNAs. Then,
we compared high-quality reads to the reference genome
by HISAT?2 [27], quantified reads by StringTie [28], and
finally calculated the expression level of each mRNA and
IncRNA (FPKM). Differentially expressed IncRNAs, miR-
NAs and mRNAs were screened were screened by EdgeR
[29], with fold change more than 2.0, and p-value less
than 0.05. Target genes of IncRNAs were predicted by its
cis-interaction and trans-interaction [30, 31]. Ensembl and
UCSC Genome Browser (https://www.genome.ucsc.edu/)
were used to identify neighboring genes within 1Mbps of
IncRNAs as their cis-target genes. And ENCORI (https://
rnasysu.com/encori/index.php) were used to predict the
trans-target genes of IncRNAs. And based on the com-
plementary pairing principle of mRNA 3'UTR [32], we
predicted the target genes of miRNAs by miRbase (http://
mirbase.org) and Targetscan (https://www.targetscan.org/).
Database for Annotation, Visualization and Integrated Dis-
covery (DAVID, https://david.ncifcrf.gov/) and Metascape
(https://metascape.org/) were used to analyze the potential
functions of target genes of IncRNAs and miRNAs, and
mRNA in KEGG pathway and Go terms.

gRT-PCR analysis

Total RNA was extracted from brain, heart, liver, lung,
muscle and embryo at E12.5. cDNA of mRNA and
IncRNA were synthesized by using PrimeScript" RT rea-
gent Kit (TakaRa, RR047Q) in a 10 pl reaction solution
containing 500 ng total RNA. cDNA of miRNA was syn-
thesized by using Mir-X" miRNA First-Strand Synthesis
(TakaRa) in a 10 pl reaction solution containing 500 ng
total RNA. The gene expression levels were measured by
real-time PCR with the SYBR Green PCR Master Mix.
p-Actin was used as control for mRNA and IncRNA. U6
was used as control for miRNA. Values from wild-type
were designated as 1. Values from Gr[21/POA Gr[2PolyA/+
and Gt[2POYAPOYA wwere normalized against those from
GtI2**. Primers' sequences were shown in Tab. S1.

Biallelic expression of Dlk1

Chromosome-specific gene expression was determined
by SNP analysis. In DIki cDNA (NM_010052), SNP is a
G in C57BL/6N and an A in DBA/2]J, respectively. Total
RNA was isolated from E12.5 embryos obtained by cross-
ing G112*"* DBA/2J with Gt12*/°°YA C57BL/6N mice and
crossing Gt[2VP°YA DBA/2J with Gt/2*'+ C57BL/6N mice.
The region containing the polymorphism was amplified by
RT-PCR. The allelic expression of DIkl was determined by
sequencing PCR products. Primers' sequences were shown
in Tab. S1.

DNA methylation analysis

Genomic DNAs were isolated from E12.5 embryos (DBA/2J
x C57BL/6N). After bisulfite treatment by EZ DNA Meth-
ylation-Gold ™ kit (Zymo Research), the converted genomic
DNAs were amplified by PCR for G#/2-DMR and IG-DMR,
which primers' sequences were shown in Tab. S1 Results
were read by DNAMAN Version 6 after sequencing (Comate
Bioscience, China). Primers' sequences were shown in Tab.
S1.

Histologyical analysis

Fetal livers of E12.5 were fixed with 4% paraformalde-
hyde of 24 h, dehydrated with ethanol and transparent with
xylene, then paraffin blocks were prepared, sliced 5 pm and
stained with hematoxylin/eosin. Images were captured with
Zeiss optical microscope (Germany).

Vascular area analysis

We regarded the closed interval surrounded by CD31 signal
as one vessel, and quantified the area of the enclosed vessel
by imageJ. Within a view, the average vessel area per unit
area is obtained by (total vessel area / total number) /view
area.

Preparation of blood smears

Peripheral blood of mouse embryos at E12.5 were taken to
make blood pictures and stained with Wright-Giemsa Stain
kit (Solarbio, G1021). Images were captured with Zeiss opti-
cal microscope (Germany).

Immunohistochemistry
Fetal livers of E12.5 were fixed with 4% paraformaldehyde
of 24 h. After blocking with 2% BSA/PBS, sections were

incubated with specific primary antibodies at 4 “C overnight,
and sections were treated with HRP-conjugated secondary
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antibodies. DAB kit (ZSGB-BIO, China) was used for chem-
ical staining.

Assay of Caspase 9 activity

The Caspase 9 spectrophotometric assay kit is based on
the combination of a Caspase 9 sequence-specific peptide
(acetyl-Asp-Glu-Val-Asp p-nitroanilide, Ac-LEHD-pNA)
coupled to the yellow luminescent group p-nitroaniline
(pNA). When the substrate was cleaved by Caspase 9, the
yellow luminescent group pNA was free, and its absorb-
ance value could be measured by a microplate reader or
a spectrophotometer (A=405 nm). Embryo or liver tissue
was taken in a petri dish, cut into pieces, added with lysate
(400ul/100 mg), homogenized with a glass homogenizer on
ice, left in an ice bath for 5 min, and centrifuged. The super-
natant was sucked into a new EP tube. After Ac-LEHD-
pNA was added and mixed, the mixture was incubated at
37 °C for 2 to 4 h, and OD405 could be determined when
the color change was obvious. Finally, the activation degree
of Caspase 9 is determined by calculating the multiple of

(ODsample Value'ODblank control)/(ODnegative value'ODblank control)
(Elabscience, E-CK-A313).

TUNEL apoptosis assay

TUNEL apoptosis assay was detected using frozen sections
of fetal liver at E12.5. After fixing with paraformaldehyde,
and washing with PBS solution, the assay was used by
one step TUNEL Apoptosis Assay kit (Beyotime, C1088).
Images were captured with Olympus fluorescence inverted
microscope (Japan).

In situ hybridization

Paraffin sections were made as described above. Sections
were treated with 2 mg/ml proteinase K in PBS and ter-
minated wit 1 mg/mL glycine. Antisense riboprobes were
used for hybridization overnight at 65 °C, alkaline phos-
phatase-conjugated anti-DIG antibody (Roche, 54,732,420,
dilution 1:5000) was incubated overnight at 4 °C, and NBT/
BCIP Stock Solution (Roche, 11,681,451,001) was used for
chemical staining. Images were captured with Zeiss opti-
cal microscopy. Primers’ sequences of probe were shown
in Tab. S1.

Statistics

Values are shown as the mean+ SEM as indicated. All statis-
tical analyses were generated using GraphPad Prism 6. Stu-
dent’s t test was used for comparisons between two groups.
Statistical significance was defined as p value of <0.05
(*, p<0.05; **, p<0.01; *** p<0.001).
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Results

Establishment and genetic analysis of Gtl2
transcription termination mouse

G112 is located within the DIkI-Dio3 imprinting domain
at the end of mouse chromosome 12 (Fig. 1a). Previous
analysis of the G#[2 locus has revealed a differentially
methylated region (Gt/12-DMR), a microRNA (miR-1906),
two CTCF binding sites and some active open chromatin
regions between exons 1-5 [12, 33]. In order to silence
the Gtl2 gene without affecting the action and activity of
other transcription factors, we identified a highly efficient
sgRNA site at the end of the first exon, and used 96 bp
of each upstream and downstream sgRNA as the left and
right homology arms to form ssDNA with the inserted
3 x polyA (Fig. 1b and c¢). The combined ssDNA and RNP
complex (sgRNA and Cas9 protein) were microinjected
into the male pronucleus of the zygote (Fig. Sla), cul-
tured in vitro until the blastocyst stage (Fig. S1b), and the
embryos were transferred into two surrogate mice [25].
Among the six newborn mice (Fig. S1c), five founder mice
with successful 3 X polyA knock-in were identified by
PCR (Fig. 1b and S1d). Taken, we successfully generated
a mutant mouse model that only silenced the expression
of ncRNA in DIkI-Dio3 domain without deleting other
active elements.

Since Gtl2 is a maternally expressed gene, we main-
tained the generated mice by crossing wild type (Gt/2+/*)
or Gtl2 transcription termination occurs on the paternal
alleles (G#12*P°YA) of male mice with GrI2*"* or Gti2
POlYA females (Fig. Sle). We selected 3—4 generations of
mice for the parents of embryos obtained. Mice devel-
oped normally in G[2*/P°YA mice, while embryonic death
began at E13.5 and all mice died at E16.5 (Fig. 1e) when
Gtl2 transcription termination occurred on the maternal
allele (Gt12P°YA'*) and the homozygous biallelic (Gtl-
2pPolyA/polyAy (Fig. S1f). The mortality rate of Gt[2POYA/*+
was 0%, 21.43%, 47.06%, 77.78% and 100% from E12.5
to E16.5, respectively, and then the mortality rate of Gtl-
2poAROA wag 0%, 0%, 58.06%, 100% and 100% form
E12.5to E16.5, respectively (Fig. 1d and S1g). So far, we
have found that there is a slight difference in the time of
death between GtI2P°YA+ and GrI2POYAPOYA - According
to the representative images of embryos, we observed that
there was no significant difference in the four-genotype
embryos at E12.5. There was no obvious change in G/2*/
PolyA “however, the GrI2POYA* and GrI2POYAPOYA mijce
showed abdominal hemorrhage at E14.5 (Fig. le). There
was no obvious change in GtI21PWA 4t E16.5, whereas
the GtI2P°YA+ and GrI2PYAPOYA mijce were all dead at this
stage (Fig. le). GtI2P°YA+ and GrI2POYAPOYA were slightly
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Fig. 1 Generation and phenotypic analysis of founder mice. a Sche-
matic representation of DIk/-Dio3 domain in chromosomel2. Mater-
nally expressed genes are in red, paternally expressed genes are
in blue and silenced genes are in gray, miRNAs are shown as short
vertical lines, differentially methylated regions are shown as circles.
Filled circle, methylated; open circle, unmethylated. b Schematic
representation of mutant mouse production by Easi-CRISPR: prepa-
ration of RNP components and ssDNA, microinjection, generation

but not significantly heavier than G#I2*'*, and Gr[2*/Pol¥A
was almost the same compared to Gt/2*/*, and the trends
of embryo weight change were the same at E12.5, E14.5
and E16.5 (Fig. If). Together, these data show that the

of founder offspring, PCR genotyping and off-target detection and
obtaining of founder mice. ¢ Schematic representation of 3 XpolyA
termination sequence insertion sites. d Survival and death number of
embryos from E12.5 to E16.5. e Representative pictures of embryo
at E12.5, E14.5 and E16.5, abdominal hemorrhage are indicated by
yellow arrows, dead embryos are in red boxes. Scale bar, 2 mm. f Bar
chat showing embryo weight of E12.5, E14.5 and E16.5, each dot
represents an embryo. Error bars, +SEM, n.s., p>0.05

silencing of ncRNAs on DIkI-Dio3 domain results in lit-
tle effect on GrI2*/P°YA and a slight increase in embryo
weight, abdominal hemorrhage and embryonic death on
GHI2P°YA* and Gri2PObARObA,
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«Fig.2 Termination of Gtl2 transcription resulted in silencing of
the maternally expressed RNA in the DIk1-Dio3 domain. a Vol-
cano plot of DEINcRNAs in Gi2PoYA*+ and Gri2PoYAPONA embryos
at E12.5. b IncRNA-seq of embryos at E12.5. ¢ The expression of
Gtl2, Rtllas, Rian and Mirg in RNA-seq data. d qRT-PCR analysis of
G1tl2, Rillas, Rian and Mirg, f-actin was used as an internal control,
n=6 Error bars,+SEM, Student’s t-test, n.s., p>0.05; *, p<0.05;
** p<0.01; *** p<0.001. e Volcano plot of DEmiRNAs in Gtl-
2POA and Gri2PPYAPOYA f miRNA-seq of embryos at E12.5. g The
expression of miRNAs in DlkI-Dio3 domain in RNA-seq data. h
gqRT-PCR analysis of miRNAs in Gt/2, Rtllas, Rian and Mirg locus,
U6 was used as an internal control, n=>5. Error bars,+SEM, Stu-
dent’s t-test, n.s., p>0.05; *, p<0.05; **, p<0.01; *** p<0.001

Termination of Gtl2 transcription resulted
in silencing of the maternally expressed RNAs
in the DIk1-Dio3 domain

We next attempt to elucidate the molecular mechanisms
responsible for the above results. To this end, we performed
whole transcriptome sequencing in four-genotype embryos
at E12.5 and detected 29,158 IncRNAs and 2395 miRNAs
(Tab. S2). After excluding genes with that FPKM is 0 in all
the four genotypes, we screened out differential expression
IncRNAs (DEIncRNAs) (Tab. S3) and differential expres-
sion miRNAs (DEmiRNAs) (Tab. S4), fold change more
than 2.0, and p-value less than 0.05.

Firstly, we identified 2272 upregulated and 2454 down-
regulated IncRNAs in Gr[2+/P°YA 2326 upregulated and
3878 downregulated IncRNAs in G#2P°YA* and 2236 upreg-
ulated and 2803 downregulated IncRNAs in Gz/2P°yA/PolyA
(Fig. 2a) (Tab. S3). RNA-seq data of all IncRNAs showed
that GrI2P°YA*and GrI2PO¥APOYA had a significant downward
trend in DIkI-Dio3 domain (Fig. 2b), mainly in G#I2, Rtllas
(miR-127), Rian and Mirg (Fig. 2¢). The results of qRT-
PCR were consistent with the trend of RNA-seq (Fig. 2d),
indicating that the termination of Gt/2 transcription led to
the silencing of IncRNA in the domain.

The IncRNAs and miRNAs in the DIlkI-Dio3 domain con-
stitute a large polycistronic transcription unit, and mater-
nally expressed intergenic transcripts downstream of Gtl2
are transcribed in the same direction as Gt/2, and there is no
typical promoter sequence present in this region [5]. There-
fore, we guessed that miRNAs in the domain would also
be severely affected by the termination of G#l2 transcrip-
tion. We identified 36 upregulated and 57 downregulated
miRNAs in Gr/2*/P°YA 68 upregulated and 148 downregu-
lated miRNAs in Gt/2P°YA* and 76 upregulated and 133
downregulated miRNAs in G#/2P°YAPOYA (Fig. 2e) (Tab. S4).
As most of the downregulated miRNAs were located in the
DIkI-Dio3 domain in GtI2P°YA+ and G#2POYVAPONA (Fig, 2f),
we clustered the miRNAs in the domain and found that the
four genotypes could be clearly divided into two groups: the
survival group including G¢[2*/* and Gr/2+/P°YA and the
death group including Gr/2P°YA*+ and Gr2POYAPOYA among

them, the expression of miRNAs in G#/2*/P°Y2 were almost
unchanged, while the expression of miRNAs in G#2POYA/*
and Gr[2PPYAPOYA decreased significantly (Fig. 2g). In Grl2,
Rtlias, Rian and Mirg loci, one miRNA with high expres-
sion and one with low expression were selected for qRT-
PCR verification, the results were identical to RNA-seq data,
indicating that the termination of G#/2 transcription led to
the silencing of miRNAs in the domain (Fig. 2h). Taken
together, these data indicated that our model successfully
terminated the transcription of the maternally expressed
RNAs in the Dlkl-Dio3 domain and the termination of
embryonic development might be closely related to the
silencing of these genes.

Silencing of maternally expressed RNAs
in DIk1-Dio3 domain results in hemorrhage
in embryos

Because platelets undergo activities such as activation and
aggregation when injured or bleeding [34], the platelet
activation in Kyoto Encyclopedia of Genes and Genomes
(KEGG) that appeared in Gt[2PPYA+ and G[2PPAPOYA
but not in Gt[2*P°YA | caught our attention (Fig. 3a and
S2a) (Tab. S5). Gene Ontology (GO) enrichment analysis
revealed that GO terms enriched in both G#/2P°YA'+ and
G112POYAPOYA "put not in Gri2*PYA | were mainly associ-
ated with positive regulation of apoptotic process, embryo
development, angiogenesis and wound healing (Fig. 3b and
S2b) (Tab. S6). These features are associated with the phe-
notype of bleeding.

We hypothesized that miRNA changes in the death
group may play more roles. Therefore, we found the com-
mon DEmiRNAs of G#/2P°MA'* and Gt2POWAPONA " and
overlapped with the miRNAs in the DIkI/-Dio3 domain to
obtain 95 DEmiRNAs (Fig. 3c). We further analyzed the
KEGG and GO of target genes of these 95 DEmiRNAs in
G112P°YA* and Gri2P°YAPOYA (Tab. S4). KEGG enrichment
analysis revealed platelet aggregation in both G#[2POYA/*+
and Gr[2PPYAPOYA (Fig 3d and S2c) (Tab. S7). In parallel,
activated and aggregated platelets were also identified from
cord blood smears of Gr/2P°YA* and GrI2POYAPYA embryos
(Fig. 3e). This suggests that bleeding or even injury did
occur in GtI2P°YA* and Gti2POYAPOYA embryos. In addi-
tion, VEGF signaling pathway also appeared in G/2POVA/+
(Fig. 3e), and combined with the related terms such as
angiogenesis that appeared in GO of DEIncRNAs (Fig. 3b),
we speculated that the termination of maternally expressed
RNA transcription may cause some effects on blood vessels.
GO enrichment analysis revealed liver development in both
GHI2P°YA and GrI2POYAPOYA but not in G2TPOYA (Fig. 3f
and S2d) (Tab. S8), and the same term was also appeared in
the GO enrichment of IncRNAs (Fig. 3b). Taken together,
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«Fig.3 Termination of maternally expressed RNAs in DIlk1-Dio3
domain transcription leads to hemorrhage. a KEGG analysis of
target genes of DEINcCRNAs in G#2P°YA*+ and Gri2POYAPOYA embryos
at E12.5. b GO analysis of target genes of DEIncRNAs in Gr2PVA*
and GrI2PWAPYA embryos at E12.5. ¢ Venn diagram shows the
intersection of DEmiRNAs in Gr[2P°YA* DEmiRNAs in Gr2rov4/
POYA “and all miRNAs in DikI-Dio3 domain. d KEGG analysis of
target genes of DEmiRNAs in DikI-Dio3 domain in G#2P°YA* and
Gri2PoYAPNA embryos at E12.5. e Blood smear of peripheral blood
at E12.5, yellow arrows point to avtivatee and aggregated platelets,
Scale bar, 40 pm. f GO analysis of target genes of DEmiRNAs in Gtl-
2POA and Gri2POYAPYA embryos at E12.5

the DEmiRNAs suggested that the organ affected by ncRNA
silencing was the liver.

Silencing of maternally expressed RNAs
in DIk1-Dio3 domain results in apoptosis

Finally, we identified 249 upregulated and 515 downregu-
lated mRNAs in GrI27/P°YA 609 upregulated and 3147
downregulated mRNAs in G#/2P°YA'+ and 220 upregulated
and 214 downregulated mRNAs in Gr/2PPYAPOYA (Fig, 4a)
(Tab. S9). We found the DIkI-Dio3 region in the mRNA pro-
file (Fig. 4b), RNA-seq showed that the expression levels of
DIkI and Rtl] in Gti2P°YA*and G2POYAPONA were 2 times
higher than those in Gr[2*/*, but there was no significant
difference between G#[2+P°YA and GtI2*"*. The expression
levels of Dio3 in GtI2P?YAPONA were 2 times higher than
those in G#I27*, while the expression level in Gr[2+/POlVA
and GtI2P°YA'* was slightly lower than that in Gri2*/*, which
may account for the lower expression of Dio3. (Fig. 4c). The
results of qRT-PCR were consistent with the trend of RNA-
seq (Fig. 4d), indicating that the termination of transcrip-
tion of the maternally expressed RNAs in DIkI-Dio3 domain
activates the expression of the paternally expressed genes.

KEGG enrichment analysis revealed that apoptosis
was enriched in DEmRNAs of both Gr/2P°YA* and G1l-
2POVAROIYA byt not of GrI2*/PYA (Fig. 4e and S3a) (Tab.
S10). GO terms enriched in DEmRNAs of both G#/2POYA/+
and GtI2POVAPOYA \were mainly associated with apoptosis,
wound healing, VEGF signaling pathway and platelet aggre-
gation (Fig. 4f and S3b) (Tab. S11). Among them, plate-
let aggregation was the same as the experimental results
of ncRNA enrichment, wound healing and VEGF signaling
pathway appeared again, which had to attract our attention
and needed further verification.

In addition, apoptosis occurs simultaneously with the
above pathways, we speculated that the termination of
maternally expressed RNA transcription may cause some
effects on blood vessels and hemorrhage, and the relative
activity of Caspase 9 in Gr/2P°YA* and GrI2POYAPOYA yag
significantly higher than that in G¢/2*/*, but there was no
significant change in Gt[27/P°YA (Fig. 4g). Taken together,
these data suggest that silencing of maternally expressed

RNAs in DIkI-Dio3 domain cause apoptosis, which may be
responsible for vascular damage and hemorrhage.

Silencing of maternally expressed RNAs
in DIk1-Dio3 domain results in vascular damaged
and hemorrhage in fetal livers

The GO functional enrichment of the maternally expressed
RNA in the interval was concentrated in the liver (Fig. 3b
and f), so we speculated that the above phenomenon may
be the most obvious in the liver. To determine the effect
of silencing the maternally expressed RNAs in the DikI-
Dio3 domain on fetal liver, we obtained fetal livers from
all four-genotypes at E12.5. It was found that there was no
significant change in appearance of the three mutants com-
pared with Gi2*'* (Fig. 5a). Immunofluorescence of Ki67 at
E14.5 fetal livers showing that significant cell proliferation
occurred in GH2P°YA* and GrI2POYAPOYA byt not in G2t
POYA fetal livers (Fig. S4). The above results have shown
that the increase in body and fetal liver weight may be due
to cell proliferation which was consistent with the results of
KEGG and GO enrichment by the ncRNAs. The trend of
weight in four-genotype fetal livers was consistent with that
of embryos (Fig. 5b). To further observe the changes at the
cellular level in the fetal livers, histological analysis showed
that there was no significant change between Gt2+/P°YA and
GtI2** (Fig. 5C). The area of blood vessels in the fetal liv-
ers of Gt2POVA* and Gr2POWAPOYA jpcreased, and some
blood vessels were damaged (Fig. 5c). At the same time, a
variety of cells, such as hepatocytes and endothelial cells,
showed suspected apoptosis phenomena such as cell volume
reduction, membrane rupture, karyopyknosis and cell frag-
mentation (Fig. 5¢). Single cell suspension of intact liver
was prepared for caspase 9 activity detection. The results
showed that the relative activities of Gt2P°YA'+ and G#I2P*
IYA/PolyA \were more than 2 times higher than that of Gr2*/*
(Fig. 5d). TUNEL enabled us to locate apoptosis in fetal
livers, which also confirmed the previous speculation that
cells in fetal liver did indeed undergo apoptosis (Fig. 5e).
Relative fluorescence intensity of TUNEL showed that the
apoptosis degree of Gr/2P°YA+ and GI2POYAPOYA were sig-
nificantly higher than that of Gr/2*"*, which was consistent
with the previous results (Fig. 5f). These results suggest that
termination transcription of maternally expressed RNA in
DIkI-Dio3 domain leads to apoptosis in fetal livers.

Next, combined with the previous histological observa-
tion of vascular rupture, we further analyzed the blood ves-
sels of the fetal liver. Immunohistochemistry of CD31 was
localized to liver endothelial cells and the results showed
fragments of endothelial cell apoptosis, which damaged
blood vessels and caused erythrocytes to flow out of the
damaged blood vessels, resulting in liver hemorrhage, which
was consistent with previous histological analysis (Fig. 5g).
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«Fig.4 The genetic changes within the Dlk1-Dio3 domain lead-
ing to apoptosis. a Volcano plot of DEmRNAs in Gr/2P°¥A* and
Gri2PoYAPNA embryos at E12.5. b mRNA-seq of embryos at E12.5.
¢ The expression of DIkI, Rtll and Dio3 in RNA-seq data. d qRT-
PCR analysis of DIkl, Rtll, and Dio3, p-actin was used as an inter-
nal control, n=6. Error bars,+ SEM, Student’s t-test, n.s., p>0.05;
* p<0.05; **, p<0.01; *** p<0.001. e KEGG analysis of DEm-
RNAs in G#12PYA* and G2POYAPOYA £ GO analysis of target genes
of DEmRNAs in Gri2PoYA*+ and Gri2PoVAPONA g Relative activity of
Caspase 9, n=3. Error bars,+SEM, Student’s t-test, n.s., p>0.05;
* p<0.05

Quantitative analysis of vessel area showed that Grl2+/PolyA,
GtI2P°YA™ and GH12POAROYA were 0.98-fold, 1.26-fold and
1.35-fold larger than that of G#l2*"* (Fig. 5h). The number of
blood vessels per square millimeter showed that Gt/2/POYA,
G112P°YA* and GrI2POYAPOYA were 1.03-fold, 0.58-fold and
0.56-fold of GtI2™'*, respectively (Fig. 5i). That is, the aver-
age vessel area of Gt/2P°YA+ and GrI2POYAPOYA was signifi-
cantly larger than that of G¢/2*'*, but the number of vessels
was significantly less than that of G#/2**, and the cause of
vascular injury and hepatic hemorrhage was apoptosis of
endothelial cells.

Silencing of maternally expressed RNAs
in DIk1-Dio3 domain had no significant effect
on other organs

In order to investigate whether silencing of maternally
expressed RNAs in DIkI-Dio3 domain has an effect on tis-
sues other than liver, we conducted a further investigation
in embryos. Firstly, histological morphology showed that
no significant difference, except liver, was observed in the
mutant embryo as a whole (Fig. 6a). Secondly, as previous
studies have confirmed the effect of maternally expressed
RNA silencing in this domain on brain, lung and skeletal
muscle [10, 11, 35], we mainly observed these organs
(Fig. 6b). We divided the brain into three parts, telencepha-
lon, diencephalon and metencephalon and the results showed
that the brain of E12.5 was not fully developed, and there
was no significant difference in telencephalon, diencephalon
and metencephalon in the mutant (Fig. 6b). The tracheas of
all mutants and Gr/2*/* in lung were well developed, and
there were some small blood vessels, and the alveoli were
not yet formed at this stage (Fig. 6b). There were no signifi-
cant differences in the bones of the legs, nor any defects in
the skeletal muscles (Fig. 6b). It is worth mentioning that
our currently published study reported that Gtl2 transcrip-
tion termination caused developmental abnormalities in
the heart caused by slow proliferation of epicardial cells
(Fig. 6b) [36]. These results suggest that silencing of mater-
nally expressed RNAs transcription in DIlkI-Dio3 at E12.5
does not have a significant effect on major organs except the

liver, and the exploration of the effect on the heart needs to
be further improved.

gqRT-PCR detected the expression of genes in each organ
within the range, and the expression trend of maternally
expressed RNA in each organ was basically the same,
all of them were significantly down-regulated to almost
silence, and the expression of paternally expressed genes,
DIkl and Rtll, in brain, heart, liver, lung and leg increased
about twice, which is basically the same as that of embryo
(Fig. 6¢). The changes of Dio3 in heart and lung were not
very obvious, which may be the reason for the low expres-
sion of Dio3 within the two organs (Fig. 6¢). We selected
DIkl and Gtl2 as high expression genes from maternally
expressed RNA and paternally expressed RNA, respectively,
and in situ hybridization showed the same expression as
gqRT-PCR, and both DIkI and G2 were highly expressed
in liver, but not in other organs (Fig. 6d and S5a, b). Thus,
the above results indicate that the changes of genes in major
organs in the interval are basically the same as those in the
whole embryo, and the effect on the liver is greater than that
on the other organs, which needs further observation.

Silencing of Gtl2, but not Gtl2-DMR and IG-DMR,
leads to DIk1 activation

To explore whether the cause of the phenotype was caused
by changes in the gene itself or by the methylation status
of the Gt[2-DMR and IG-DMR, we found a SNP(A/G) site
on DIkI that can distinguish between C57BL/6N(G) and
DBA/2J(A). After obtaining the cDNA of the embryo of the
female mouse of DBA/2J and the male mouse of C57BL/6N
after mating, the cDNA fragment containing the SNP site
was sequenced. The expression in DIkl of GtI2*'* and
GtI2*°°YA was mono-allelic, while the expression of G/2P*
WA and Gri2P°YAPOYA was bi-allelic. At the same time, we
also tested the offspring obtained by mating male DBA/2J]
mice with female C57BL/6N mice, and the same conclu-
sion was obtained (Fig. 7a). This means that the silencing of
maternally expressed RNAs in DIkI-Dio3 cause the imprint-
ing loss of DIk, although, paternally expressed genes were
not edited in the domain, DIkI, Rtll and Dio3 were still
affected, which was also likely to have some impact on
embryonic development.

Subsequently, we examined G#/2-DMR and IG-DMR.
The lengths of IG-DMR and G#2-DMR detected in this
study were 497 bp and 385 bp, correspondingly. These
sequences contained 19 CpG and 2 SNP sites, and 15 CpG
and 1 SNP sites in C57BL/6N and DBA/2J hybrids, respec-
tively [11, 34] (Fig. 7b and c). The results shown that both of
two DMRs maintained the parental origin specific methyla-
tion status in E12.5 embryos (Fig. 7b and c). Taken together,
the above data indicated that the variation of paternally
expressed genes in the domain were caused by silencing of
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«Fig.5 Termination of maternally expressed RNAs in DIk1-Dio3
domain transcription leads to apoptosis and vascular dam-
age in fetal liver. a Representative pictures of fetal liver at E12.5.
Scale bar, 1 mm. b Bar chat showing weight of fetal livers at E12.5,
each dot represents a fetal liver. Error bars,+SEM, Student’s t-test,
n.s., p>0.05. ¢ Representative images of HE staining of fetal livers
of each genotype at E12.5. Scale bar, 40 pm. d Relative activity of
Caspase 9 in fetal liver, n= 3. Error bars,+SEM, Student’s t-test,
n.s., p>0.05; *p< 0.05. e TUNEL fluorescence staining of apoptotic
cells in fetal livers, Scale bar, 40 pm. f Quantitative analysis of the
immunohistochemical staining for TUNEL, n=35. Error bars, + SEM,
Student’s t-test, n.s., p>0.05; *, p<0.05; **, p<0.01. g Representa-
tive images of immunohistochemistry staining for CD31, apoptosis
of endothelial cells are shown as yellow arrows. Scale bar, 40 pm. h
Quantitative analysis of the immunohistochemical staining for CD31,
n=>5. Error bars,+SEM, Student’s t-test, n.s., p>0.05; *, p<0.05;
** p<0.01. i Number of blood vessels per square millimeter in each
genotype fetal livers, n=5. Error bars,+SEM, Student’s t-test, n.s.,
p>0.05; *, p<0.05; **, p<0.01; *** p<0.001

G112 rather than by changes in methylation status of Gt/2-
DMR and IG-DMR.

Discussion

In this study, we used the improved Easi-CRISPR technique
to knock 3 X polyA powerful transcriptional termination
sequence into exonl of Gr/2, and finally obtained a mouse
model that silenced only the G2 gene itself without altering
other active elements. By using RNA sequencing analysis,
we identified that the termination of maternally expressed
RNA transcription in the DIkI-Dio3 would cause apoptosis
of cells in the embryos, especially in the liver, resulting in
vascular damage which further caused liver hemorrhage,
injury, and finally led to embryonic death.

Previous functional studies of the maternally expressed
RNA in the DIkI-Dio3 imprinted region have all adopted the
method of large deletions of the G2 gene sequence, which
result in the deletion of regulatory elements at the edited
locus together [10-12]. Although there was a phenomenon
of perinatal death, the cause of death was alveolar dysplasia
or skeletal muscle deficiency, which was different from the
present study [10, 11]. In addition, other studies have shown
that the method of large fragment deletion to study the func-
tion of IncRNA will result in false positive results [13, 14].
It has been shown that the insertion of small fragments does
not delete any genomic native sequence and does not change
staining mass conformation has been proved to be a more
effective method for IncRNA study [14, 37]. By inserting the
sequence of 3 X poyA to block the expression of maternally
expressed RNA in the DIkI-Dio3 domain, without deleting
other components, the results obtained are more persuasive.
Here, we provide a new method to study IncRNA, which
can more accurately elucidate the function and regulatory
mechanism of the gene itself.

Gtl2-induced apoptosis is a type of programmed cell
death that occurs after many stimuli, infections, or inju-
ries and plays a key role in physiological processes such
as embryogenesis [38]. Gt/2 down-regulation can regulate
FOXO1 and FOXO4 to promote apoptosis through competi-
tive binding of miR-361-5P and miR-23b-3p, respectively
[39-41]. Another study found that knockout of Gtl2 pro-
motes apoptosis of vascular endothelial cells and adipose-
derived stem cells by activating the Bcl-2/Bax pathway
through the p53 signaling pathway [42, 43]. Deletion GtI2
resulted in the down-regulation of IncRNAs and miRNAs
in DIlkl-Dio3 domain, activated the PI3K-mTOR path-
way, enhanced metabolic activity, ultimately leading to
HSC apoptosis and embryonic death [24]. MEG3 (or Gtl2)
inhibited the expression of RASA1 by mediating the his-
tone methylation of the promoter of RASA1 gene by EZH2,
thereby activating the RAS-MAPK pathway and enhancing
the proliferative and invasive capacities of trophoblasts, and
the study suggested that the silent of MEG3 (or Gtl2) maybe
a risk fact for unexplained recurrent spontaneous abortion
(URSA) [44]. Meanwhile, DIk1 acts as an inhibitor of vas-
cular differentiation and inhibits vessel sprouting by antago-
nizing the NOTCH pathway [45], and it can also play an
important role in hematopoiesis and hepatocyte development
[46—48]. That means increased dose of DIkl promoted the
proliferation of endothelial cells, but inhibited the differen-
tiation of blood vessels, causing the blood vessels in fetal
liver to become thicker and fewer (Fig. Se—g). In addition, it
has been reported that R#/] is essential for the maintenance
of fetal capillaries, and both its loss and overproduction
lead to late fetal and/or neonatal lethality in mice [49]. In
addition, our previous study has also shown that maternally
expressed RNAs silencing can cause defective narrowing
of blood vessels in the placental labyrinth, leading to fetal
vascular obstruction and ultimately affecting the exchange
function of fetal capillaries [25].

In the process of obtaining embryos, Gt/2P°YA* embryos,
but not GrI2P°YAPOYA gnes. were found to die at E13.5 (mor-
tality rate was 21.43%), which possibly due to the fact that
the GrI2P°YA'+ phenotype appeared earlier than G[2POYA/PolyA
embryos. At E12.5, GrI2P°YA'* embryos were in the agonal
state, leading to a large change in gene expression. At the
same time, although the number of DEGs was smaller in
GtI2POYAPONYA embryos, the changes of gene expression were
more significant in DIk1-Dio3 region, which may account for
the severe mortality after E13.5. We therefore hypothesized
that Gt12 transcriptional termination may function by regu-
lating different mechanisms in G[2P°YA™* and Gr/2POA/POlyA
embryos. However, this requires a lot of work to confirm.
Up to now, there is little information on G#/2 transcriptional
termination homozygous mice, and most studies have been
limited to termination of paternal or maternal transcription
[12, 24]. In the future, we will devote ourselves to studying
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the genetic changes of G#I2P°YA* and GrI2POYAPOYA embryos
after E12.5, and give a more comprehensive explanation of
this phenomenon through RNA-seq, single-cell RNA-seq,
spatial transcriptomics and some other ways.

The DIkI-Dio3 imprinted region contains the largest
miRNA cluster in the mammalian genome. In this study, our
RNA-seq and qRT-PCR data showed that these miRNAs and
IncRNAs within the region have the same expression pat-
tern as Gtl2, supporting the hypothesis that these ncRNAs
act as a large polycistronic transcription unit [6]. Silenc-
ing of the maternally expressed ncRNAs in this region re-
activate the normally repressed protein-coding genes on the
maternal allele, however, the methylation status of [IG-DMR
and Gt/2-DMR remained unchanged, which was consistent
with previous reported results [12, 33]. As an enhancer that
activates Gtl2-Rian-Mirg polycistron, IG-DMR regulates
the DIk1-Dio3 imprinting domain through Gt/2-DMR [12,
50, 51]. GtI2-DMR methylation level are associated with
CTCEF binding, GtI2 expression, and inhibition of paternally
expressed genes [33]. However, we detected no change in
GtI2-DMR, which may be caused by premature transcrip-
tional termination of Gtl2. This also indicates that the G#/2
itself plays a role in the inhibition of DIkI. Recent studies
have shown that the expression level of imprinted IncRNA
was related to the degree of in-cis repression, which was
related to the formation of IncRNA-protein aggregates [52].
G112 interact with components of polycomb repressive com-
plexes (PRC) and was thought to be part of this aggregate.

Gt/2++ Gt/2+polyA Gi2royA+ G/2r0lyAlpolyA
c
IG-DMR %
1 5 10 SNP1 15 SNP2
Maternal Paternal
Gti2+*
Gt/2+/polvA
Gl 2rovn+
Gt/ 2polyAlpolyA

DMR (b) and IG-DMR(c). Methylated CpG dinucleotides are repre-
sented by filled circles, while unmethylated CpG dinucleotides are
represented by open circles

However, whether such aggregates form within the DI/kI-
Dio3 interval and how G?/2 itself inhibits DIk in cis needs
to be further investigated [52—54]. Furthermore, studies have
shown that G#/2 expression, but not other ncRNAs in the
domain, controls inhibition of DIkl [33].

In summary, our study further revealed that transcription
termination of the maternally expressed RNAs in the DIk!-
Dio3 imprinted domain activated the apoptotic and caused
severe consequences such as vascular rupture, hepatic hem-
orrhage and embryonic death, indicating that maternally
expressed RNAs in the domain play a crucial role in the
regulation of apoptosis and embryogenesis. Although the
study has not yet identified the key targets of silencing of
maternally expressed RNA in DIkI-Dio3 domain in inducing
apoptosis, it links the region with vascular and hepatic devel-
opment, which will be of great significance for the study of
embryonic development and even disease occurrence. At
the same time, we used Easi-CRISPR method to study the
function of IncRNA, which may provide a new way to study
the function of IncRNA.
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