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In brief

Chu and Zhang et al. develop SNP-free
methods to identify germline differentially
methylated regions (DMRs) in outbred
animals. Germline DMRs in primate early
embryos are largely lost during
development and are biasedly
maintained in placenta. This loss is non-
reversible by SCNT, resulting in severe
imprinting defects in cloned monkey
placenta.
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SUMMARY

Our knowledge of genomic imprinting in primates is lagging behind that of mice largely because of the
difficulties of allelic analyses in outbred animals. To understand imprinting dynamics in primates, we
profiled transcriptomes, DNA methylomes, and H3K27me3 in uniparental monkey embryos. We further
developed single-nucleotide-polymorphism (SNP)-free methods, TARSII and CARSII, to identify germline
differentially methylated regions (DMRs) in somatic tissues. Our comprehensive analyses showed that
allelic DNA methylation, but not H3K27me3, is a major mark that correlates with paternal-biasedly expressed
genes (PEGs) in uniparental monkey embryos. Interestingly, primate germline DMRs are different from
PEG-associated DMRs in early embryos and are enriched in placenta. Strikingly, most placenta-
specific germline DMRs are lost in placenta of cloned monkeys. Collectively, our study establishes SNP-
free germline DMR identification methods, defines developmental imprinting dynamics in primates, and
demonstrates imprinting defects in cloned monkey placenta, which provides important clues for improving

primate cloning.

INTRODUCTION

Genomic imprinting is an allelic gene expression phenomenon
that plays critical roles in multiple biological processes including
development, behavior, brain functions, circadian clock, and
diseases (Barlow and Bartolomei, 2014; Peters, 2014; Tucci
etal., 2019). Despite the intensive studies on genomic imprinting
in the last decades, our knowledge of genomic imprinting, espe-
cially in outbred animals such as primates, is still limited.

DNA methylation has long been considered as the only pri-
mary imprinting mark in mammals until recently when we discov-
ered that maternal-biased H3K27me3 can also mediate dozens
of paternal-biasedly expressed genes (PEGs) in mouse preim-
plantation embryos (Chen et al., 2019; Chen and Zhang, 2020;
Inoue et al., 2017). However, whether this imprinting mechanism
is conserved in primates remains to be resolved (Xia et al., 2019;
Zhang et al., 2019).

On the other hand, our knowledge on genomic imprinting dy-
namics during primate embryonic development is also limited.
For example, although recent studies have identified allelically
expressed genes and allelic differentially methylated regions
(DMRs) in human early embryos (Sagi et al., 2019; Zhu et al.,
2018), whether these allelically expressed genes and their asso-
ciated DMRs identified in early embryos are maintained in so-
matic tissues is not clear. Furthermore, although some of the
placenta-specific imprinted genes have been reported in hu-
mans (Court et al., 2014; Hamada et al., 2016; Hanna et al.,
2016; Sanchez-Delgado et al., 2016), it is not clear whether
more placenta-specific imprinted genes exist and whether
such placenta-specific imprinting is conserved among primates.

One of the major reasons that limited our understanding of
genomic imprinting in outbred animals, such as primates, is the
lack of efficient methods to distinguish parental alleles. Currently,
de novo identification of genome-wide allelic DMRs in human

Developmental Cell 56, 1-15, October 25, 2021 © 2021 Elsevier Inc. 1


mailto:wenhao.zhang@childrens.harvard.edu
mailto:wji@lpbr.cn
mailto:niuyy@lpbr.cn
mailto:yzhang@genetics.med.harvard.edu
https://doi.org/10.1016/j.devcel.2021.09.012

Please cite this article in press as: Chu et al., Analysis of developmental imprinting dynamics in primates using SNP-free methods to identify imprinting
defects in cloned placenta, Developmental Cell (2021), https://doi.org/10.1016/j.devcel.2021.09.012

- ¢? CellPress Developmental Cell

Zygote 2-cell 4-cell 8-cell 16-cell Blastocyst
\’ -
~Q@ @ @-@ €
1 1 1 1 1 1 1
EO E1 E2 E3 E4 E6 E7
Haploid androgenetic ¢ .
o % Transcriptomes
200D) M~/ (Smart-seq2)
In vitro culture D
N DNA methyl
Haploid parthenogenetic > ) - m (PBA'Irr;e ylomes
020!
s, 05 H3K27me3
(CUT&RUN)
B C
% PEGs in 16-cell embryos % Monkey homologies of known human germline DMRs
(n=371) 16-cell
KCNQ10T1 PEG10 SNRPN
S 204 - 7 — 1 —
=85 rooT o HTHH] - —
S o
-S - 154 + | AG o | i b ) o . = et
o [ T
S Lol PG00 | o i1 {171 —— N LTl
= 2 1091 ‘
S o QQQQ GNAS PEG3 H19
go S1000d — - o
S |7 77 === -—— —
5= 0 ltr————""F" 5mC AG e il i b E U pkastasanatt ARG
m
12341234 PG 111 AN i UL A T e
AG PG
D E F
XSmC levels in emDMRs %PEGS in 16-cell embryos (n=371) % / n
16-cell M PEGs with emDMRs PEGs without H3K27me3-
(3 T [l PEGs without emDMRs emDMRs dependent
% AG PG imprinted genes
€
25 144
e
o5 226 1 77
£
0w £
[h'e
3
E 0k
® PEG
0.0 05 1.0 L gene body
emDMR
5mC levels PEGs with emDMRs

Figure 1. Identification of DNA-methylation-associated and DNA-methylation-unassociated embryonic PEGs

(A) A schematic diagram of the experimental designs for this study.

(B) Boxplots showing fold changes of PEGs in uniparental monkey embryos. The fold change for a particular gene in each sample is calculated using the gene
expression level (fragments per kilobase per million, FPKM) of that sample divided by the average expression level (FPKM) of all samples of PG embryos.

(C) UCSC genome browser snapshots showing parental 5mC levels in monkey AG and PG embryos for monkey homologies of known germline DMRs in humans.
(D) A heatmap showing 5mC levels of emDMRs in 16-cell AG and PG monkey embryos.

(legend continued on next page)
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somatic tissues requires integrating hundreds of methylomes
from different individuals using single-nucleotide polymorphism
(SNP)-based analyses (Zink et al., 2018) or applying special sam-
ples such as those with uniparental disomy (Joshi et al., 2016).
These methods are expensive and impractical to be widely used
in the studies of genomic imprinting in outbred animals.

In this study, by profiling transcriptomes, DNA methylomes,
and H3K27me3 in uniparental monkey embryos, we show that
allelic DNA methylation, but not H3K27me3, majorly correlates
with PEGs in monkey early embryos. In addition, we have devel-
oped SNP-free methods that allow robust and accurate identifi-
cation of germline DMRs in somatic tissues in outbred animals.
Using these methods, we revealed genomic imprinting differ-
ences in primates between early embryos and somatic tissues,
as well as between embryonic and extraembryonic tissues.
Importantly, based on the developmental imprinting dynamics
in primates, we hypothesized and demonstrated that cloned
monkey placenta exhibits severe imprinting defects, which pro-
vides important clues for improving primate cloning.

RESULTS

DNA-methylation-associated PEGs in monkey early
embryos

To better understand regulation mechanisms of genomic
imprinting in primates, we profiled transcriptomes, DNA methyl-
omes, and H3K27me3 in monkey (Macaca fascicularis) haploid
androgenetic (AG) and parthenogenetic (PG) 16-cell embryos
(Figures 1A and S1A; Table S1). The high correlation between
the transcriptome replicates of AG and PG embryos confirmed
the data quality (Figure S1B). To confirm that proper zygotic
genome activation (ZGA) was achieved in the uniparental
embryos, we first identified 2,084 ZGA genes by comparing tran-
scriptomes of 4-cell (pre-ZGA) and 8-cell (ZGA) monkey em-
bryos using a public dataset (Liu et al., 2018) (Table S2) and
then analyzed the expression levels of these ZGA genes in the
uniparental embryos. This analysis showed that the expression
levels of the ZGA genes in the uniparental embryos are similar
to that in the 8-cell embryos but are significantly higher than
those in the 4-cell embryos (Figure S1C), indicating that ZGA
has taken place normally in the uniparental embryos.

Previous studies have indicated that the majority of the germ-
line DMRs harbor maternal-specific DNA methylation in somatic
tissues of mice and humans, resulting in paternal-biased expres-
sion (Babak et al., 2015; Court et al., 2014; Xie et al., 2012). In
addition, the H3K27me3-dependent imprinted genes in mouse
early embryos and placenta also exhibit paternal-biased expres-
sion, due to the oocyte-inherited maternal-specific H3K27me3
(Inoue et al., 2017). Thus, to understand the developmental dy-
namics of imprinting, we choose to focus on PEGs. Using rela-
tively stringent criteria (AG (FPKM) > 2, AG/PG (FPKM) > 3,
each AG replicate/PG (FPKM) > 1.5) and excluding genes on
the sex chromosomes, we identified a total of 371 PEGs in mon-
key 16-cell embryos (Figure 1B; Table S2).
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To identify the early-embryonic maternal-allele-methylated
differentially methylated regions (emDMRs) associated with the
371 PEGs in monkeys, we profiled DNA methylomes of AG and
PG 16-cell embryos in monkeys by post-bisulfite adaptor
tagging (PBAT) (Miura et al., 2012) (Figure 1A). To exam whether
allelic DNA methylation can be faithfully captured in uniparental
embryos, we analyzed DNA methylation of uniparental embryos
at the genomic regions corresponding to the known human
germline DMRs (Court et al., 2014). We found that all the corre-
sponding genomic regions exhibit the same maternal-biased
or paternal-biased DNA methylation in uniparental monkey em-
bryos as those in humans (see Figure 1C for examples), demon-
strating that the allelic DNA methylation is faithfully maintained in
the uniparental embryos.

To determine which of the 371 PEGs in early embryos are likely
regulated by the emDMRs, we compared the DNA methylation
profiles of AG and PG 16-cell monkey embryos and identified
10,296 emDMRs (AG 5mC > 0.15, PG-AG 5mC > 0.5) (Figure 1D;
Table S2). Using a cutoff of 10 kilobase (kb) from emDMR to gene
body, we identified 144 PEGs that are closely associated with the
emDMRs (Figure 1E; Table S2). Interestingly, the remaining 227
PEGs without emDMRs (within 10 kb) showed little overlap with
the homologies of the 78 putative H3K27me3-dependent im-
printed genes in mice (Figures 1E and 1F) (Chen et al., 2019; Inoue
et al., 2017), indicating that the H3K27me3-dependent imprinted
genes in mice may not be conserved in monkeys.

H3K27me3 is not a major mark for PEGs in monkey early
embryos
To directly examine whether maternal-biased H3K27me3 corre-
lates with PEGs in monkey early embryos similar to that in mice,
we profiled H3K27me3 by cleavage under targets and release
using nuclease (CUT&RUN) (Skene and Henikoff, 2017) in unipa-
rental 16-cell monkey embryos (Figure 1A). Consistent with a
repressive role of H3K27me3 in transcription (Cao et al., 2002),
a clear anti-correlation between gene expression and gene
body H3K27me3 levels were observed (Figure S2A), validating
the H3K27me3 profiles. Interestingly, an initial inspection re-
vealed a similar H3K27me3 distribution pattern in both AG and
PG 16-cell embryos in monkeys, which contrasts with the
maternal-biased H3K27me3 enrichment in mice at a similar
stage (Figure 2A) (Zheng et al., 2016). This observation is further
confirmed by both chromosome-wide and genome-wide com-
parisons (Figures 2B and 2C), indicating that H3K27me3 is
largely distributed bi-allelically in monkey 16-cell embryos.
Since a recent study showed that global loss of H3K27me3
takes place at 8-cell stage in human embryos (Xia et al., 2019),
it is possible that a similar global loss of H3K27me3 at 8-cell
stage may also occur in monkeys. To test this possibility, we per-
formed immunofluorescent staining of H3K27me3 at different
stages of monkey preimplantation embryos and found that
H3K27me3 signal decreases from zygote to 8-cell embryos
and increases from 8-cell embryo to blastocyst (Figures 2D
and 2E). To further demonstrate that H3K27me3 reprograming

(E) A pie chart showing the number of PEGs with/without emDMRs in 10-kb distance from their gene bodies.
(F) A Venn diagram showing overlap between PEGs without emDMR identified in monkey early embryos and the H3K27me3-dependent imprinted genes

identified in mouse early embryos (Chen et al., 2019; Inoue et al., 2017).
See also Figure S1 and Tables S1 and S2.
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Figure 2. H3K27me3 is globally reprogrammed in monkey early embryos
(A-C) A comparison of H3K27me3 distribution in uniparental 16-cell monkey embryos (upper panel), as well as H3K27me3 distribution in paternal and maternal
alleles of 8-cell mouse embryos (bottom panel), by UCSC genome browser snapshots (A), chromosome-wide line graph (B), and genome-wide scatterplots
(in 10-kb bin, Pearson correlation coefficient calculated) (C).

(legend continued on next page)
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indeed occurs in monkey early embryos, we profiled H3K27me3
by CUT&RUN in monkey 16-cell embryos and blastocysts gener-
ated by intracytoplasmic sperm injection (ICSI). The high corre-
lations of H3K27me3 signals between the replicates of 16-cell
embryos and blastocysts, as well as between 16-cell embryos
of AG/PG and ICSI (Figure S2B), again validated the good quality
of our H3K27me3 dataset. As expected, the enrichment of
H3K27me3 on developmental genes such as HOX clusters,
PAX6, SOX14, NEUROD2, and FOXL2 are clearly increased
from 16-cell embryos to blastocysts (Figures 2F and S2C), indi-
cating that reprogramming of H3K27me3 takes place during
monkey preimplantation development. In contrast, establish-
ment of H3K27me3 on typical developmental genes in mice
mainly takes place during post-implantation development
(Zheng et al., 2016).

Consistent with the observed H3K27me3 dynamics, we found
that EED and SUZ12, two core components of polycomb repres-
sive complex 2 (PRC2) responsible for H3K27me3 deposition
(Caoetal., 2002) are barely detectable in 4-cell monkey embryos
preceding ZGA (Figure S2D), indicating that global H3K27me3
cannot be maintained in monkey embryos before ZGA. In
contrast, all three PRC2 core components are highly expressed
in mouse embryos preceding ZGA (Figure S2D).

Notably, despite H3K27me3 being globally similar between
AG and PG uniparental monkey embryos and likely reprog-
rammed during ZGA, which is clearly different from the observa-
tion in mice (Figures 2A-2C), we cannot rule out the possibility
that certain regions could have maternal-biased H3K27me3,
which may regulate PEGs. To explore the general relationship
between maternal-biased H3K27me3 and PEGs in monkey early
embryos, we first identified 681 PG-biased H3K27me3 regions
across the genome (Figure S2E; Table S2). Then, using a cutoff
of 10-kb distance, we found that 7 out of the 227 PEGs without
an emDMR are related to PG-biased H3K27me3 (Figures 1E
and S2F). Collectively, the above results suggest that, in contrast
to mice, H3K27me3 in monkeys is globally reprogrammed and
unlikely to be a major mark regulating PEG expression in monkey
preimplantation embryos.

Identification of putative imprinted DMRs by TARSII
using somatic tissue methylomes
The above analyses indicate that maternal-specific DNA methyl-
ation, but not H3K27me3, is a major regulator of PEGs in monkey
early embryos. To determine whether the PEG-associated
emDMRs (PEG-emDMRs) presented in early embryos are main-
tained in somatic tissues, identification of maternal germline
DMRs in monkey somatic tissues is required. However, since
no inbred monkey strains are available, de novo identification
of germline DMRs in monkey somatic tissues would require large
number of materials and datasets to assign allelic methylation
through SNPs.

Thus, we attempted to overcome this technical barrier by
developing a method named TARSII (tissue-associated,
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reads-based, SNP-free method for identifying imprint-DMRs)
that allows identification of genome-wide germline DMRs
without annotating SNPs. To this end, genomic regions with at
least 10 consecutive partially methylated CpGs (5-mC level:
0.3-0.7) are first identified as partially methylated domains
(PMDs) (Figure 3A, left panel). Then, to fulfill the allele-
specific methylation event, the identified PMDs are required
to enrich for both hypomethylated reads (CpG number > 3,
5mC < 0.2) and hypermethylated reads (CpG number > 3,
5mC > 0.8) (Figure 3A, middle panel). To determine the proper
percentages of hypomethylated and hypermethylated reads
versus total reads on germline DMRs, we analyzed the methyl-
ation states of previously known mouse germline DMRs using
a deeply sequenced methylome (Xie et al., 2012). We found
that most of the known germline DMRs have a minimal 30% of
both hypomethylated and hypermethylated reads (Figure S3A).
Since most germline DMRs are consistently imprinted across
different tissues, we integrated six different mouse tissues (cor-
tex, cerebellum, heart, intestine, kidney, and liver) derived from
three germ layers (two tissues from each germ layer) to increase
the accuracy (Figure 3A, right panel). This analysis identified a
total of 6,208 candidate DMRs from the methylomes of the six
mouse tissues (Figure S3B). As expected, the candidate
DMRs commonly identified in those tissues decrease as the
number of tissues required increases (Figure S3B). In contrast,
the prediction accuracy (overlapping between candidate
DMRs and the known imprinted DMRSs) is significantly increased
and reached a peak of 91.7% when a minimum of 5 tissues is
required (Figure S3C). Consequently, we applied a cutoff of 5
as the minimal number of tissues required for identifying puta-
tive imprinted DMR by TARSII (Figure 3A, right panel). We also
tested different cutoffs for the number of minimal reads in
each candidate DMR and found a minimal of 30 reads produced
the best result (Figure S3D). When these cutoffs are used in
TARSII, we identified 24 putative imprinted DMRs based on
the mouse somatic tissue methylomes without using SNP infor-
mation (Table S3).

Validation of TARSII-identified germline DMRs in mice
and humans

Since TARSII is majorly designed to identify germline DMRs that
are consistent in different somatic tissues, we next tested the ac-
curacy and efficiency of TARSII in predicting germline DMRs in
mice. By comparing the mouse sperm and oocyte methylomes,
we identified 17 putative maternal germline DMRs (mgDMRs)
and 3 putative paternal germline DMRs (pgDMRs) from the 24
TARSII predicted imprinted DMRs (Figures 3B and S3E; Table
S3). Interestingly, all the 17 TARSII predicted mgDMRs overlap
with the known mgDMRs in mice (Figure 3C; Table S3) and the
3 TARSII predicted pgDMRs (Rasgrf1, Gpr1, and H19) also over-
lap with the known pgDMRs (Table S3) (Kikyo et al., 1997; Xie
etal., 2012), indicating a 100% accuracy of prediction for mouse
germline DMRs.

(D) Immunofluorescent staining of H3K27me3 in monkey preimplantation embryos at different stages.

(E) Quantification of the immunofluorescent signals of H3K27me3 in Figure 2D. Data are represented as mean + SEM.

(F) UCSC genome browser snapshots showing H3K27me3 enrichment at HOXA and HOXD clusters in monkey AG and PG 16-cell embryos, as well as in 16-cell
embryos and blastocysts derived by intracytoplasmic sperm injection (ICSI) in monkey.

See also Figure S2 and Tables S1 and S2.
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(B) A pie chart showing the different categories of putative imprinted DMRs in mice based on 5 mC levels in oocyte and sperm.
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Having demonstrated the accuracy and efficiency of TARSII in
identifying mouse germline DMRs, next, we tested its predict-
ability in humans by applying TARSII to publicly available human
methylomes from six different tissues (brain, muscle, aorta, lung,
liver, and intestine) (Table S1). This analysis identified 54 putative
imprinted DMRs (Figures 3D and S3F; Table S3). To distinguish
mgDMRs from that of pgDMRs and somatic DMRs, we com-
bined the above analysis with the AG and PG methylomes in hu-
man 8-cell embryos from a public dataset (Leng et al., 2019). This
integrative analysis allowed us to identify 28 putative mgDMRs
and 1 putative pgDMR in humans (Figure 3D; Table S3). Impor-
tantly, 23 out of the 28 putative mgDMRs overlap with the 30
known mgDMRs (Figure 3E; Table S3), and the 1 putative
pgDMR (H719) also overlaps with the 2 known pgDMRs (IG-
DMR, H19) (Table S3) in humans compiled in a previous study
(Court et al., 2014). Notably, 4 out of the 5 remaining putative
mgDMRs have been validated in several recent studies (de Sa
Machado et al., 2018; Grothaus et al., 2016; Jadhav et al.,
2019; Joshi et al., 2016; Sanchez-Delgado et al., 2016) (Fig-
ure 3E). Thus 27 out of the 28 (96.4%) putative mgDMRs identi-
fied by TARSII overlap with the known mgDMRs in humans
(Figure 3E). Taken together, the above results support the effi-
ciency and accuracy of TARSII in identifying genome-wide
germline DMRs from somatic tissue methylomes without SNP
information.

Most PEG-emDMRs in early embryos are not maintained
in somatic tissues

Having validated the predictability of TARSII for germline DMRs
in both mice and humans based on their somatic tissue methyl-
omes, next, we applied it to monkeys. To this end, we profiled
methylomes of six different tissues (cerebellum, cortex, heart,
kidney, liver, and intestine) of an adult monkey. By analyzing
these methylomes using TARSII, we identified 63 putative im-
printed DMRs in monkeys (Figure S4A; Table S3). When com-
bined with the analysis of the 16-cell AG and PG methylomes
in monkeys (Figures 1A and 1D), we identified 39 putative
mgDMRs in monkeys (Figure S4A; Table S3). We found previ-
ously reported monkey imprinted DMRs (IGF2R, INPP5F,
KCNQ10T1, NAP1L5, PEG3, SNURF, and PAGL1) are all de-
tected by TARSII (Figure 4A) (Cheong et al., 2015; Wianny
et al., 2016). Interestingly, 27 (including RPS2P32) out of the 39
putative mgDMRs are counterparts of the known mgDMRs in hu-
mans (Court et al., 2014; Grothaus et al., 2016) (Figure 4A; Table
S3), indicating the conservation of mgDMRs between humans
and monkeys. To validate the remaining 12 putative mgDMRs
in monkeys, we analyzed the allelic DNA methylation based on
SNPs using CGmapTools, a method used to calculate allelic
DNA methylation based on whole genome bisulfite sequencing
dataset (Guo et al., 2018). We found that 10 out of the 12 putative
mgDMRs have SNPs in our monkey methylomes, and 7 of them
(PLD6, GABRG3, C170rf97, VPS26C, ZNF557, TEX29, and
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PRMT2) showed significant allelic methylation differences, sup-
porting their imprinted state (Figure S4B). Therefore, of the 39
TARSII identified mgDMRs in monkeys, 27 are counterparts of
the known mgDMRs in humans, and 7 of the 10 remaining
mgDMRs with SNPs exhibit allelic DNA methylation, again vali-
dating the accuracy of TARSII in predicting germline DMRs. Us-
ing CGmapTools, we found the putative mgDMR for CTDP1_UP,
which was identified by TARSII in humans, exhibits allelic DNA
methylation, supporting its imprinted state (Figures 3E and S4C).

Next, we studied the imprinting dynamics between early
embryos and somatic tissues in monkeys by comparing the
PEG-emDMRs in early embryos and mgDMRs in somatic tis-
sues. Using 10-kb distance from gene bodies of PEGs to the
emDMRs (Figures 1B and 1D) as a cutoff to define an associa-
tion, we identified 276 PEG-emDMRs in monkey (16 cell) early
embryos (Figure 4B; Table S2). Surprisingly, when the PEG-
emDMRs are compared with the TARSII identified mgDMRs in
monkeys (Figure 4A), only 4 are overlapped (Figure 4B). This in-
dicates PEGs are also largely different between early embryos
and somatic tissues in monkeys. To determine whether this phe-
nomenon is conserved in humans, we analyzed public transcrip-
tome and methylome datasets in uniparental 8-cell embryos of
humans (Leng et al., 2019). By applying the same methods and
cutoffs used in our investigation of monkeys, we identified 271
PEGs and 24,501 emDMRs in human 8-cell embryos (Figures
S4D and S4E), defining 334 PEG-emDMRs (Figure 4C; Table
S2). Similar to monkeys, only 2 PEG-emDMRs in early embryos
are overlapped with the 35 putative and known mgDMRs in so-
matic tissues in humans (Figures 3E and 4C), supporting that
PEGs are different between early embryos and somatic tissues
in primates. In contrast, the 35 mgDMRs are associated with
27 known PEGs identified in human somatic tissues (Babak
et al., 2015) (Figure S4F).

The imprinting differences between early embryos and so-
matic tissues are likely caused by the global DNA methylation re-
programming during mammalian early embryonic development
(Sanchez-Delgado et al.,, 2016; Smallwood et al., 2011).
Although the large number of emDMRs appear to mediate
paternal-biased expression in preimplantation embryos, most
emDMRs are reprogrammed after implantation and lose theirim-
printed state in somatic tissues (Figures 4D and 4E, for example).
Collectively, our analyses demonstrate that most PEG-emDMRs
in primate early embryos are not maintained in somatic tissues,
supporting differential imprinting between early embryos and so-
matic tissues of primates.

Identification of tissue-specific maternal germline

DMRs by CARSII

As mentioned above, some placenta-specific imprinted genes
regulated by placenta-specific mgDMRs have been identified
in humans (Court et al., 2014; Hamada et al., 2016; Sanchez-Del-
gado et al., 2016), suggesting human placenta tend to maintain

C) A Venn diagram showing the overlap between putative mgDMRs identified by TARSII in mice and the known mgDMRs summarized in a previous study

Xie et al., 2012) (Table S3).

E) A Venn diagram showing overlap between putative mgDMRs identified by TARSII in human and the known mgDMRs summarized in a previous study

(
(
(D) A pie chart showing the different categories of putative imprinted DMRs in human based on 5 mC levels in AG and PG 8-cell embryos.
(
(

Court et al., 2014) (Table S3).
See also Figure S3 and Tables S1 and S3.
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Figure 4. Most PEG-emDMRs are not maintained in somatic tissues of primates

(A) A Venn diagram showing overlap between putative mgDMRSs identified by TARSII in monkeys and the known mgDMRs in humans summarized in a previous
study (Court et al., 2014) (Table S3).

(B and C) Venn diagrams showing overlap between PEG-emDMRs in early embryos and the putative and known mgDMRs in monkeys (B) and humans (C).
(D and E) UCSC genome browser snapshots showing 5mC levels of representative PEG-emDMRs in early embryos and somatic tissues, as well as related PEG
expression in early embryos of monkeys (D) and humans (E).

See also Figure S4 and Tables S1 and S8.
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maternal-specific DNA methylation in early embryos. Interest-
ingly, by profiling and analyzing placenta methylome in monkeys,
we noticed that the monkey counterpart of human placenta-spe-
cific mgDMRs is also partially methylated in monkey placenta
(Figures 5A and 5B, upper panels). Further analyses revealed
those regions are enriched for both hypermethylated and hypo-
methylated reads in human and monkey placenta (Figures 5A
and 5B, bottom panels), fulfiling a DNA methylation im-
printed state.

To further investigate the maintenance of PEG-emDMRs in
placenta and the placenta-specific imprinting in primates, we at-
tempted to identify mgDMRs from a single tissue such as
placenta. Since TARSII requires integration of methylomes
from multiple tissues for accurate prediction, we developed
another method named CARSIl (CpG-island-associated,
reads-based, SNP-free method for identifying imprint-DMRs)
with the aim to predict germline DMRs in a tissue-specific
manner (Figure 5C). To minimize the variation caused by tissue
cell heterogeneity and facilitate comparison between different
tissues, we have restricted the type of mgDMR candidates to
early-embryonic maternal-allele-methylated differential methyl-
ated CpG-islands (emDMCs) identified from gametes or early
embryos (Figure 5C, left panel; Figure S5A; Table S4). The rea-
sons for focusing on emDMCs are as follows: first, CpG islands
(CGis) are usually important transcriptional regulatory elements,
whose methylation level is subjected to tight regulation of multi-
ple factors and is more stable compared with other regions in the
genome (Deaton and Bird, 2011). Second, most mgDMRs over-
lap with emDMCs. For examples, 15 (88.2%) of the 17 known
mgDMRs in mice (Xie et al., 2012) (Table S3) and 23 (76.7 %) of
the 30 known mgDMRs in humans (Court et al., 2014) (Table
S3) overlap with their emDMCs (Figure S5B). In contrast,
emDMCs only occupy ~0.01% of the mice and ~0.03% of the
human genome (Figure S5A). This indicates that the chance to
identify a mgDMR from emDMC is a thousand times higher
than that from other regions of the genome. Thus, focusing on
emDMCs can greatly increase the chance of predicting
mgDMRs from a single tissue.

After selecting the emDMCs based on methylomes of
gametes or early embryos (Figure S5A; Table S4), we further
determined the enrichment of both hypermethylated and hypo-
methylated reads on these emDMCs in certain somatic tissue
with algorithms similar to TARSII and removed the candidates
with false positive rate (FPR) > 0.05 (Figure 5C, middle panel).
Although the majority of candidates harbored consistent partially
methylated CpGs along the CGl, a few showed inconsistent
methylation and were filtered out (Figure 5C, right panel). Then,
the remaining mgDMR candidates were recognized as putative
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maternal germline differential methylated CpG islands
(mgDMCs) in each tissue. To test the accuracy and efficiency
of putative mgDMCs predicted by CARSII, we applied CARSII
to mouse methylomes and identified 18-21 putative mgDMCs
from several individual somatic tissues (Figure S5C; Table S5).
~70%-100% of these putative mgDMCs identified by CARSII
overlap with the known mgDMRs in mice (Xie et al., 2012) (Fig-
ure S5C; Table S3). Considering the existence of tissue-specific
mgDMRs, such as Cdh15 and Myo10 (Proudhon et al., 2012; Xie
et al., 2012), the accuracy of CARSII could be even higher.
Collectively, CARSII exhibited great accuracy in predicting
mgDMCs (represent mgDMRs) in individual tissue.

Primate mgDMCs are more enriched in placenta than in
somatic tissues

Next, we applied CARSII to human and monkey tissue methyl-
omes and identified putative mgDMCs in both placenta and so-
matic tissues (Figure 5D; Table S5). Surprisingly, while an
average of 40 mgDMCs were identified in human somatic tis-
sues, similar analysis revealed 158 mgDMCs in placenta (Fig-
ure 5D, left up panel), indicating that the mgDMCs in humans
are much more enriched in placenta than that in somatic tissues.
Notably, the lower numbers of putative mgDMCs in somatic tis-
sues are not caused by insufficient coverage as comparable
read coverage is achieved (Figure 5D, left bottom panel). To vali-
date the putative placenta-specific mgDMCs identified by
CARSII, we analyzed the allelic DNA methylation using SNPs
identified by CGmapTools (Guo et al., 2018). This analysis re-
vealed 26 putative placenta-specific mgDMCs containing
SNPs, and all of them showed significant allelic methylation (Fig-
ure S5D), validating the accuracy of CARSII in predicting
mgDMCs within a single tissue. Next, we applied CARSII to mon-
key somatic tissue methylomes and identified an average of 61
putative mgDMCs, which is significantly fewer than the 146 iden-
tified in monkey placenta (Figure 5D, middle panel; Table S5),
indicating mgDMCs are also enriched in monkey placenta. Inter-
estingly, a similar analysis revealed that the placenta enrichment
of mgDMGCs is not observed in mice (Figure 5D, right panel), indi-
cating that it is a primate-specific phenomenon.

Next, we examined whether PEG-emDMRs in human and
monkey early embryos are biasedly maintained in placenta.
Since the mgDMRs predicted by CARSII is restricted to CpG
islands, our analysis of PEG-emDMR maintenance in placenta
were only focused on the PEG-emDMRs that overlapped with
emDMCs (PEG-emDMCs). We first identified 50 and 75 PEG-
emDMCs in human and monkey early embryos, respectively
(Figure S5E). 9 out of the 50 (18.0%) PEG-emDMCs in humans
and 11 out of the 75 (14.6%) PEG-emDMCs in monkeys overlap

Figure 5. mgDMCs of primates are highly enriched in placenta compared with those in somatic tissues
(A and B) UCSC genome browser snapshots showing 5mC levels of human-placenta-specific mgDMRs (or their homologies in monkey) in uniparental embryos
and somatic tissues of humans (A) and monkeys (Macaca fascicularis) (B) (upper panel). The bottom panels show percentages of the methylated reads versus

total reads at the related germline DMRs in placenta.

(C) A schematic representation of CARSII. Briefly, emDMCs were identified by comparing parental-specific DNA methylation in gametes or early embryos (left
panel). Then, emDMCs that enriched for both hypomethylated and hypermethylated reads are considered as candidate mgDMCs (middle panel). Finally, only
candidates showing consistent methylation along CGls were considered as putative mgDMCs.

(D) Bar graphs showing the number of putative mgDMCs identified by CARSII in placenta and somatic tissues of humans (left panel), monkeys (Macaca fas-
cicularis, middle panel), and mice (right panel). The percentages of emDMCs that meet the requirement of qualified reads (number > 20) in each tissue are shown

in the bottom panels.
See also Figure S5 and Tables S1, S4, and S5.
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Figure 6. Global loss of placenta-specific mgDMCs in monkey SCNT placenta

(A) UCSC genome browser snapshots showing 5mC levels of monkey homologies of representative known human placenta-specific ngDMRs in different cells of
monkeys (Macaca mulatta). Gnas is a common mgDMR in placenta and somatic tissues.

(legend continued on next page)
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with the putative mgDMCs in placenta (Figure S5E), indicating
PEGs in early embryos and placenta are also largely different.
Taken together, our analyses revealed that the majority of the
PEGs in early embryos have lost their imprinted state in
both embryonic and extraembryonic-derived tissues. In addi-
tion, placenta of humans and monkeys, but not mice, has about
three times as many mgDMCs as that in somatic tissues.

Global loss of placenta-specific mgDMCs in monkey
SCNT placenta

The significant enrichment of mgDMCs in placenta compared
with somatic tissues prompted us to ask whether the placenta-
specific imprinting would be lost in monkey SCNT placenta,
considering that donor cells (cumulus cells or fibroblast) are of
embryonic, but not extraembryonic, origin (Liu et al., 2018). To
this end, we profiled the placenta methylomes of newborn mon-
keys (Macaca mulatta) derived from both natural mating (WT)
and SCNT using fibroblast as donor cells. We also analyzed
the donor cell methylome generated in this study, as well as
blood cell methylome from a public dataset (Table S1). The
global methylation level of SCNT placenta is lower than that of
the donor cells and blood cells but higher than that of WT
placenta (Figure S6A), indicating a global alteration of DNA
methylation in monkey SCNT placenta. An initial inspection of
the monkey counterparts of known placenta-specific mgDMRs
in humans revealed they become either hypomethylated or hy-
permethylated in SCNT placenta compared with that in WT
placenta (Figures 5A, 6A, and S6B), indicating that their im-
printed states are lost in monkey SCNT placenta. In contrast,
the methylation pattern of mgDMRs (e.g., Gnas DMR), which
does not exhibit a difference between placenta and somatic tis-
sues, does not exhibit alteration in SCNT placenta compared
with that in WT placenta (Figures 6A and SEB). These initial ob-
servations raised the possibility that loss of placenta-specific
mgDMRs in monkey SCNT placenta might be caused by the
different imprinted states between the donor fibroblast (embry-
onic origin) and the placenta (extraembryonic origin).

To determine whether loss of placenta-specific mgDMRs in
monkey SCNT placenta happens genome-wide, we analyzed
public monkey (Macaca mulatta) sperm and oocyte DNA methyl-
ome datasets (Gao et al., 2017) and identified 2,657 emDMCs
(Figure S6C; Table S4). Based on these emDMCs, we then iden-
tified putative mgDMCs by CARSII in placenta, donor fibroblast
cells, and blood cells of Macaca mulatta (Figure 6B; Table S5).
Similar to the observations in humans and Macaca fascicularis,
we found that putative mgDMCs are also enriched in placenta
(n = 131) compared with that in fibroblast donor cells (n = 32
and 29), or blood cells (n = 39) of Macaca mulatta (Figure 6B).
However, only 45 putative mgDMCs were identified in SCNT
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placenta, which is similar to those identified in donor cells or
blood cells (Figure 6B). This result indicates that imprinting in
monkey SCNT placenta is severely compromised. To analyze
the methylation change of the 131 putative mgDMCs in detail,
we separated them into placenta-specific mgDMCs (n = 101)
and common mgDMCs (n = 21) (the others are unclear) (Fig-
ure 6C; Table S5). As expected, most of the placenta-specific
mgDMCs have lost their imprinted states (bi-module distribution)
to become either hypomethylated or hypermethylated state in
SCNT placenta (Figure 6C). In contrast, the common mgDMCs
still maintain their imprinted states (Figure 6C). Interestingly,
the DNA methylation state of placenta-specific mgDMCs in
SCNT placenta closely resembles that of the donor cells but
not WT placenta (Figure 6C), indicating the loss of germline
imprinting in somatic tissues cannot be regained through
SCNT reprogramming. Taken together, our results demonstrate
a global loss of placenta-specific mgDMCs in monkey SCNT
placenta, which is likely due to the imprinting differences be-
tween the donor cells and the placenta in primates.

Placenta-specific imprinted genes are dysregulated in
monkey SCNT placenta

To determine the transcriptional effect of losing placenta-
specific mgDMCs in monkey SCNT placenta, we performed
comparative transcriptome analysis in monkey WT and SCNT
placenta. We focus the analysis on genes that express in
placenta (FPKM > 1) and have at least one putative placenta-
specific mgDMC located in promoter (transcription start site +
2.5 kb). Using these criteria, we identified 36 candidate genes
that are associated with 34 putative placenta-specific mgDMCs.
Notably, almost all these 34 putative placenta-specific mgDMCs
exhibit loss of DNA methylation in SCNT placenta (Figure S6D),
indicating the genes regulated by these putative mgDMCs
have switched from mono-allelic expression to bi-allelic expres-
sion, resulting in increased gene expression. Consistently, we
observed a median increase of 2.6-fold in their expression in
SCNT placenta compared with that in WT placenta (Figures 6D
and 6E). In contrast, the total placenta-expressed genes only
have a median 1.4-fold increase (Figure 6D). Considering the
fact that mgDMCs do not represent all mngDMRs in a certain tis-
sue (Figure S5B) and the imprinting control regions can be
located in distal regions outside promoters (Zink et al., 2018), it
is expected that more imprinted genes than the ones we identi-
fied are dysregulated in monkey SCNT placenta.

DISCUSSION

TARSII and CARSII analyses have enabled us to identify germ-
line DMRs in humans and monkeys without SNP information.

(B) A bar graph showing the number of putative mgDMCs identified by CARSII in different cells of monkeys (Macaca mulatta) (upper panels). The percentage of
emDMCs meet the requirement of qualified reads (number > 20) in each tissue are shown in the bottom panels.

(C) Heatmaps showing the percentages of methylated reads versus total reads at putative mgDMCs in different cells of monkeys (Macaca mulatta). The placenta-
specific and common mgDMCs were categorized and analyzed separately (Table S5).

(D) Boxplot showing fold changes of gene expression levels (FPKM) comparing WT and SCNT monkey placenta (SCNT versus WT). The placenta-expressed
genes that have at least one putative placenta-specific mgDMC at promoter (left) were compared with all expressed genes in placenta (right).

(E) A bar graph showing relative gene expression levels (FPKM) comparing WT and SCNT monkey placenta (divided by gene FPKM of WT placenta) for the 36

genes related to Figure 6D.
See also Figure S6 and Tables S1, S4, and S5.
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The analyses allowed us to make two major conclusions
regarding developmental imprinting dynamics in primates.
First, imprinting in early embryos and somatic tissues is
different as most PEG-emDMRs in early embryos are not main-
tained as mgDMRs in somatic tissues or placenta (Figures 4B,
4C, and S5E). This is likely due to DNA methylation reprogram-
ing during post-implantation development (Figures 4D and 4E).
Second, compared with mice, primates exhibit greater differ-
ence in mgDMRs between embryonic-derived and extraembry-
onic-derived tissues (Figures 5D and 6B). Based on these
observations, we propose a model to illustrate how the abun-
dant mgDMRs in early embryos are reprogrammed in different
tissues during primate embryonic development (Figure SEGE).
Based on this model, somatic tissues of primates preserve
much fewer mgDMRs compared with early embryos or
placenta (Figure S6E). Interestingly, such dememorization of
mgDMRs is non-reversible and could lead to imprinting defects
in placenta of developing embryos generated from somatic cell
reprogramming (Figures 6 and SGE).

Our discovery of severe imprinting defects in cloned mon-
key placenta also revealed a major difference regarding the
barriers of mouse and primate cloning. Although both mice
and primates share the H3K9me3 reprogramming defects in
early embryos that prevents ZGA (Chung et al., 2015; Liu
et al.,, 2018; Matoba et al., 2014), the post-implantation bar-
riers appear to be different. While defects in H3K27me3-
dependent placenta-specific imprinting on Sfmbt2, Gab1,
Somc1, and Pfh17 were observed in mouse SCNT embryos
(Matoba et al., 2018) and were recently confirmed as impor-
tant barriers in mouse cloning (Inoue et al., 2020; Wang
et al., 2020), similar defects are unlikely to exist in cloned
monkeys as maternal H3K27me3 is not well maintained in
monkey early embryos (Figures 2 and S2). Instead, we
observed a much higher enrichment of placenta-specific
mgDMRs in monkey placenta than that in mouse placenta
(Figures 5D and 6B), indicating a much more severe loss of
placenta-specific allelic DNA methylation and imprinted
expression in cloned monkeys. Considering the importance
of placenta-specific imprinted genes in mouse cloning (Inoue
et al., 2020; Wang et al., 2020), the large imprinting defects
in cloned monkey placenta likely contribute to the extremely
low efficiency of monkey cloning.

In support of the above notion, at least some of the defective
imprinted genes in cloned monkey placenta (Figure 6E) are
involved in embryonic development. For examples, the expres-
sion level of DNMT1 is positively correlated with human
placenta growth (Mukhopadhyay et al., 2016). In mice, knock-
ing out Hand2 or its homolog Hand1 resulted in embryonic
lethality due to severe placenta defects (McFadden et al.,
2005). In addition, RHOBTB3, SIAH1, and TNFAIP2 play an
important role in regulating cell proliferation (Adam et al.,
2015; Jia et al., 2018; Lu and Pfeffer, 2013). Future work should
investigate the functions of the placenta-specific imprinted
genes in primate embryonic development and test whether
restoring the allelic expression of functionally relevant imprinted
genes in placenta will improve cloning efficiency. It is also inter-
esting to test whether using extraembryonic donor cells for
SCNT or performing tetraploid complementation can increase
monkey cloning efficiency.

¢ CellP’ress

Limitation of the study

We would like to note that, while TARSII and CARSII are efficient
in predicting germline DMRs in an SNP-independent manner, a
low false-positive discoveries rate is noted. Thus, stringent
confirmation of imprinting status at certain DMR requires SNP-
based allelic analyses.
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