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KDM6A and KDM6B play contrasting roles in
nuclear transfer embryos revealed by MERVL

reporter system
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Abstract

Despite the success of animal cloning by somatic cell nuclear
transfer (SCNT) in many species, the method is limited by its low
efficiency. After zygotic genome activation (ZGA) during mouse
development, a large number of endogenous retroviruses (ERVSs)
are expressed, including the murine endogenous retrovirus-L
(MUERVL/MERVL). In this study, we generate a series of MERVL
reporter mouse strains to detect the ZGA event in embryos. We
show that the majority of SCNT embryos do not undergo ZGA, and
H3K27me3 prevents SCNT reprogramming. Overexpression of the
H3K27me3-specific demethylase KDM6A, but not of KDM6B,
improves the efficiency of SCNT. Conversely, knockdown of KDM6B
not only facilitates ZGA, but also impedes ectopic Xist expression
in SCNT reprogramming. Furthermore, knockdown of KDM6B
increases the rate of SCNT-derived embryonic stem cells from
Duchenne muscular dystrophy embryos. These results not only
provide insight into the mechanisms underlying failures of SCNT,
but also may extend the applications of SCNT.
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Introduction

The metaphase II (MII) oocyte cytoplasm can reprogram somatic cell
nuclei to the totipotent or pluripotent state via a series of sequential
epigenetic events, including histone modifications, X chromosome
reactivation, and pluripotency gene reactivation [1-4]. Somatic cell
nuclear transfer (SCNT) has obvious advantages over other similar
biotechnology techniques by enabling the generation of a new individ-
ual with an identical genome to that of the donor cell [5,6]. However,
SCNT-mediated reprogramming has a very low efficiency [7]. In partic-
ular, in mice, nearly half of SCNT embryos arrest at the preimplantation

stage and only 1-2% of SCNT embryos develop to term [8]. The
molecular mechanisms underlying SCNT reprogramming are still
unknown. Nevertheless, the successful reprogramming of human
somatic cells by SCNT and the derivation of nuclear transfer embryonic
stem cells (ntES) suggest that this is a promising approach [9-12].

A major feature of SCNT reprogramming is the global shift in
gene expression from the somatic to the embryonic state. Zygotic
genome activation (ZGA) occurs at the 2-cell stage in mice and at
the 4- to 8-cell stage in pigs, bovines, and humans [13]. When the
zygotic genome is first transcribed, a large number of retrotrans-
posons are expressed, including endogenous retroviruses (ERVs),
long interspersed nuclear elements, and non-autonomous short
interspersed nuclear elements [14,15]. MERVL repeats belong to
type III ERVs and are specifically expressed at the 2-cell stage [16—
21]. Hundreds of genes express chimeric transcripts with junctions
to MERVL at the 5’ end, indicating that the long terminal repeats
(LTRs) of MERVL serve as functional promoters [22,23]. In the
present study, we generated transgenic mouse lines containing a red
fluorescent protein tandem dimeric tomato (tdTomato) reporter
under the control of MERVL-LTR (MERVL::tdTomato). We used this
unique reporting system to monitor ZGA in SCNT-reconstructed
embryos. Recent studies have indicated that ZGA in SCNT embryos
is limited by histone H3 lysine 9 trimethylation (H3K9me3) barriers
that preexist in the genome of donor cells [7,24]. Previous studies
have also indicated that treatment with pharmacological histone
deacetylase and DNA methyltransferase inhibitors improves SCNT
efficiency [25,26]. However, SCNT efficiency is still not comparable
to normal embryonic development, and it is likely that additional
obstacles to SCNT reprogramming exist.

In this study, we demonstrated that ZGA failure is frequent in
SCNT-generated embryos, and another prominent silencing marker,
H3K27me3, is an obstacle for SCNT reprogramming. The overexpres-
sion of KDM6A, a H3K27me3-specific demethylase, facilitates ZGA-
related gene expression in SCNT embryos. However, KDM6A-overex-
pressing SCNT embryos did not exhibit more efficient full-term devel-
opment. On the contrary, KDM6B knockdown not only improved the
blastocyst formation rate, but also increased the cloned embryo birth
rate and ntES establishment efficiency. For future clinical applications
of KDM6B knockdown-assisted SCNT, we derived blastocysts from
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DMD-deficient (X chromosome-linked muscular dystrophy, mdx)
somatic cells and efficiently generated si6B-mdx-ntES. Thus, we estab-
lished a highly efficient reprogramming method to improve SCNT for
reproductive and therapeutic cloning.

Results

Most SCNT embryos exhibited ZGA and developmental failure

For the sensitive and convenient detection of ZGA events, we

H3K27me3 resists SCNT reprogramming  Lei Yang et al

reporter (Fig 1A and Appendix Fig S1A). The cumulus cells from
MERVL::tdTomato transgenic mice were used as nuclear donors
for SCNT. As controls, intracytoplasmic sperm injection (ICSI)
embryos were produced using the littermates of transgenic mice
(Fig 1A and Appendix Fig S1B). As expected, the MERVL::tdTo-
mato reporter was expressed at the late 2-cell stage (Fig 1B and C,
Appendix Fig S1C and D, Movie EV1). We found that only 12% of
SCNT embryos exhibited reactivation somatic MERVL::tdTomato
at the 2-cell stage, while 92% of ICSI embryos exhibited reactiva-
tion (Fig 1D and E). MERVL encodes a canonical retroviral Gag
protein [19]. We next verified the accuracy of the MERVL::tdTo-
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A B 5
[ s _ssa
5 1.0
MERVL::tdTomato reporter QLo - ) 2 0.5 % TR
— RV Cumulus cell Pyt éo =] .
N © Py
@ Transgenic mice @ @ L) 1.5 o ase
Mil Oocyte =
Pronuclear 2 -
microinjection —_— ":\—%A e o "
N s
Sperm ”05 é ; »
P T A R
- & FY
Live cell Immunofiuorescenc 1;‘49 ."‘; ‘f 7 *ﬁ;\‘py\
C M1 2 4 8 M B D Merged tdTomato Phase E
tdTomato — - 54 kD 100 LLLd
8
GAPDH S s — — — — — 40 kD SCNT e
0 0 0828 0285 0.168 0070 0O 'g
1.0 5
B
=08 E
a =
So6 =
= Icsi 5
o4 ® g
£o2 N= 836 1316
SCNT ICsI
0.0
G W tdTomato+ I tdTomato—
e 120 Zscandd 1.28 Tdpoz4 128 e Zlp352
F 1000 'é 1.00 . 1.00 s 1.00 ="
——ICSI 2 ors 075 075
_§ 800 —+—SCNT g 0.50 0.504 0.50
E 600 T 028 0.25 0.25
E & ooo 0.00- 0.00
® 400 ICSI SCNT sl SCNT Icsi SCNT
E o 128 Uspi7ia 1.25- Gm20767 125 Testvl
£ 200 '% 1.00 = 1.00 = 1.00 aee
0 E_ 0.75 0.75- 0.75.
& mﬁé“ Kﬁ' qf'& @p‘&‘ 06‘\6\ Ensn 0.50- 0.50
& E 028 0.25 025
El k]
& o0.00 o.00 0.00
[e3=1] SCNT Icsi SCNT ICsI SCNT
H tdTomato* tdTomato— I
: =
-s-tdTomato+* -#tdTomato~
120 SCNT 120 Icsi
3 ]
2100 =100 5 3
g g
s 0 5 80
£ 60 £ 6o
§ 40 E 40
g
S 20 £ 20
5 5
r N r T x v Y ~ 3 -
N S ¢9<§° @;,ﬁé A5 S &
& &
<+ &°
Figure 1.
2 of 19  EMBO reports 19: e46240 | 2018 © 2018 The Authors



Lei Yang et al ~ H3K27me3 resists SCNT reprogramming

quantitative PCR (qPCR), and these results are in accordance with
the fluorescence images (Fig 1B and F, Appendix Fig S1E). To
further confirm that the MERVL::tdTomato reporter can capture
ZGA events, embryos were divided into tdTomato® and
tdTomato™ groups according to MERVL::tdTomato expression. The
gPCR results showed that the expression levels of ZGA-related
genes in tdTomato™ were significantly higher than those in the
tdTomato™ group (Fig 1G and Appendix Fig S1F). After in vitro
culture, for both ICSI and SCNT embryos, most tdTomato"
embryos developed to the blastocyst stage (97 and 89 %, respec-
tively). Surprisingly, we found that 18% SCNT-tdTomato™
embryos developed to the blastocyst stage, but none of the ICSI-
tdTomato~ embryos reached the blastocyst stage, and most of
them were blocked at the 2-cell stage (Fig1H and I,
Appendix Table S1). Notably, previous studies have shown that
ZGA 1is essential for mouse embryonic development, as embryos
will arrest at the 2-cell stage if ZGA is blocked [27]. Thus,
MERVL::tdTomato could be used to monitor ZGA events in real
time. Compared with ICSI embryos, a number of SCNT embryos
arrested at various developmental stages (not limited to the 2-cell
stage). Moreover, SCNT embryos are usually incapable of repress-
ing some somatic genes inherited from donor cells [28,29]. The
expression of donor cell-specific genes in SCNT embryos could
also lead to the development of a few SCNT-tdTomato™ embryos
to blastocysts.

Effect of ZGA on SCNT embryonic development and
ntES derivation

Having established a correlation between MERVL::tdTomato and
blastocyst formation, we next evaluated whether SCNT-tdTomato ™
could develop to term. Because the IF assay requires fixation and/or
denaturation, thereby preventing development, we used a live-cell
imaging system to assess the full-term developmental ability of
SCNT embryos (Fig 2A and B, Movie EV2). Based on tdTomato fluo-
rescence, the SCNT blastocysts were grouped into SCNT-tdTomato *
and SCNT-tdTomato~. We detected fewer nuclei in SCNT-

Figure 1. The most of SCNT-reconstructed embryos are ZGA failure.
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tdTomato~ blastocysts than in tdTomato™ blastocysts (Fig 2C and
D). To gain further insights into blastocyst lineage segregation, the
blastocysts derived from SCNT were subjected to IF staining of
Nanog and Cdx2 (Fig 1E). In the SCNT-tdTomato™ blastocysts,
Nanog and Cdx2 were exclusively localized to the nuclei of the ICM
and TE, as previously reported in normal embryos [30]. By contrast,
the Nanog and Cdx2 were localized to the cytoplasm of the ICM and
TE in the SCNT-derived tdTomato™ blastocysts. Thus, the Nanog
and Cdx2 in SCNT-tdTomato~ embryos are mislocalization in a
spatial manner. To further evaluate the developmental ability
in vivo, the SCNT-tdTomato* and SCNT-tdTomato ™~ blastocysts with
normal morphologies were used for embryo transfer. At embryonic
day E6.5, no difference was observed between the SCNT-tdTomato "
and SCNT-tdTomato™ blastocysts in the implantation rate, as
determined by the embryo retrieval rate (Appendix Fig S2A and B).
However, 84% (16/19) of fetuses retrieved from tdTomato* blas-
tocysts had the typical morphology, with distinct embryonic and
extraembryonic compartments, while none of the tdTomato™
fetuses were normal (0/29, Fig 2F). Furthermore, with respect to
the ntES derivation efficiency, SCNT-tdTomato™ blastocysts had
higher rates of attachment and ES establishment than those of
SCNT-tdTomato ™~ blastocysts (Fig 2G and H, Appendix Fig S2C and
D). We next examined the expression of somatic genes that have
been reported to inhibit SCNT reprogramming (Fig 21 and
Appendix Fig S2E) [28,31-34]. We found significant suppression of
the expression of somatic cell genes at the 2-cell stage in the
SCNT-tdTomato™ group, suggesting that these embryos have a
greater degree of reprogramming than that of SCNT-tdTomato™
embryos.

Aberrant reprogramming of H3K27me3 in the SCNT embryos at
the 2-cell stage

In the SCNT mouse embryos, abnormalities in gene expression have
been observed at the 2-cell stage, which corresponds to ZGA events.
Furthermore, the epigenetic reprogramming of the somatic cell
genome has been suggested as a key event in SCNT. We next

A Schematic view of the transgenic mice, ICSI and SCNT experiments. & and @ indicated the male and female, respectively.

B Representative immunofluorescence and live-cell images of dynamics MERVL::tdTomato and Gag expression during embryos preimplantation development (left).
Quantification of tdTomato and Gag intensity (right). For the live-cell images, average intensity of tdTomato signal intensities relative to 2-cell stage embryos. For the
immunofluorescence images, bar graphs showing the relative intensities of Gag/DAPI signal ratio. N, total number of embryos analyzed for each condition. The
median was indicated with a vertical line in the interior of the box, the edges indicate the 25%"/75" percentiles, and the maximum and minimum are at the ends of
the whiskers. n > 4. **P < 0.01, ***P < 0.001 by two-tailed Student’s t-test. Scale bar, 20 um.

C Western blot analysis MERVL:tdTomato levels in MIl oocyte and embryos at the indicated stages (upper). GAPDH was used as a loading control. Numbers below the
Western blots indicate band intensity (normalized to total GAPDH) measured by using Image) software. Quantification of Western blot results (bottom). MII, M|
oocyte; M, morula; B, blastocyst. Error bars, SD, n = 3. **P < 0.01, ***P < 0.001 by two-tailed Student’s t-test. The Ponceau S staining demonstrating equivalent

loading of each lane is shown in Appendix Fig S1D.

D Representative fluorescence image of 2-cell embryos derived from ICSI or SCNT. The SCNT embryos produced by transfer of MERVL:tdTomato cumulus cell into WT
enucleated oocytes. ICSI embryos produced by MERVL::tdTomato sperm and MIl oocytes from the littermates of transgenic mice. Scale bar, 50 pm.
E The summary of tdTomato* 2-cell embryos derived from ICSI or SCNT. N, total number of embryos analyzed for each condition. Error bars, SD, n > 3. ***P < 0.001 by

two-tailed Student’s t-test.

F  The endogenous MERVL was upregulated significantly in ICSI embryos compared with SCNT embryos at 2-cell stages, as determined by RT-qPCR. Error bars, SEM,

n=3.

G RT-qgPCR data for select ZGA genes activated following MERVL:tdTomato expression in mouse 2-cell embryos derived from ICSI or SCNT. Results were normalized
based on the geometric mean of the expression levels of two reference genes (Ywhaz and Gapdh). Error bars, SEM, n = 3. ***P < 0.001 by two-tailed Student’s t-test.

H Representative images of tdTomato* and tdTomato~ embryos derived from ICSI or SCNT, after 4.5 days of culturing in vitro. Scale bar, 100 um.

| Preimplantation development rates in the tdTomato* and tdTomato~ embryos derived from ICSI or SCNT. The efficiency was calculated based on the number of 2-
cell embryo that has been divided into tdTomato* and tdTomato ™~ groups. Error bars, SD, n > 3.

© 2018 The Authors

EMBO reports  19: e46240]2018 3 of 19



EMBO reports H3K27me3 resists SCNT reprogramming  Lei Yang et al

A

MERVL::tdTomato
Cumulus cell

tdTomato*

~@-&-£D
~O-@-D

Embryo transfer

Activation

(v}

Live-cell tdTomato-  Blastocyst
SCNT imaging
150 i é
. 3
° LTt =
g | wis 5
= 100 : 2
E . . e
& LTt
5 )
= 50 P
@
sewT- ©
taTomato
P s
tdTomato tdTomato-
tdTomato* tdTomato-
G : |
2 Hmgaz Nfix Prig2
g
5 125 125
iz
5% 5 s
&3 2 100 2 1.00
£3 4 8
cE 5 075 g 0.75
= H ]
2 © 050 @ 0.50
® 2z H
] ]
5o B 0a2s
& &
< el a5 0.00 0.00
+ - tdTomato: + - + - * -
SCNT-tdTomato NT-1-cell NT-2-cell NT-1-cell NT-2-cell NT-t-cell NT-2-cell
Prext Tgrb3
125 e
<
hkk
- 2 1.00
z £ 075
B £
. H]
@ 0.50-
H
k]
s 0.25
o4 6 % o0
icsi + - tdTomato: . - . -
SCNT-tdTomato NT-1-cell NT-2-cell NT-1-cell NT-2-cell

Figure 2. The effect of ZGA on the SCNT embryo quality.

A Schematics of the live-cell imaging experiments. The embryo imaged from pronuclei until blastocyst stage and transferred to pseudopregnant females.

B Representative live-cell images of dynamics MERVL:tdTomato expression during SCNT embryos preimplantation development. The selected images from a series
acquired every 15 min. The time after starting observation is shown on the upper right corner of each image. Scale bar, 50 pm.

C Representative DAPI staining of blastocysts of tdTomato* and tdTomato~ SCNT embryos after 115 h of culture in vitro. Scale bar, 50 pm.

D The tdTomato* and tdTomato~ SCNT blastocyst cell numbers were determined by counting the DAPI-stained cells. Three independent experiment replicates were
performed. N, total number of embryos analyzed for each condition. Red bars indicated the mean value.

E Immunofluorescence images of tdTomato* and tdTomato ™~ blastocysts derived from SCNT. Nanog (ICM) and Cdx2 (TE) were used as lineage markers. Representative
images from > 55 embryos analyzed in four independent micromanipulations are shown. Scale bar, 50 um.

F Representative image of tdTomato* and tdTomato~ SCNT embryos retrieved at E6.5. The tdTomato* SCNT embryo displays normal egg-cylinder morphology. By
contrast, the tdTomato™ SCNT embryo shows abnormal morphology. Epi, embryonic epiblast; EXEm, extraembryonic ectoderm; EPC, ectoplacental cone. Scale bar,
50 pm.

G The bar chart showing the efficiency of attachment to the feeder cells of SCNT blastocysts. The efficiency was calculated based on the total number of blastocysts
used for ntES derivation. N, total number of embryos analyzed for each condition. Error bars, SD, n > 3. **P < 0.01 by two-tailed Student’s t-test.

H The bar chart shows the efficiency of ntES derivation. The efficiency was calculated based on the total number of attached blastocysts for ntES derivation. N, total
number of embryos analyzed for each condition. Error bars, SD, n > 3. **P < 0.01 by two-tailed Student’s t-test.

| RT-gPCR analysis for somatic cell genes in SCNT 1-cell embryos, 2-cell tdTomato*, and 2-cell tdTomato~ embryos. Results were normalized based on the geometric
mean of the expression levels of two reference genes (Ywhaz and Gapdh). Error bars, SEM, n = 3. ***P < 0.001 by two-tailed Student’s t-test.

S3A—C). The IF assay indicated that H3K4me3 and H3K9me3 did not
markedly differ between ICST and SCNT-tdTomato " /tdTomato™ 2-

determined the difference in epigenetic modifications between the
SCNT and ICSI embryos at the 2-cell stage. Because histones

H3K9me3 and H3K27me3 are correlated with gene silencing, histone
H3K4me3 leads to the initiation of gene transcription. The
H3K4me3, H3K9me3, and H3K27me3 modifications of both ICSI
and SCNT embryos were investigated (Fig 3A and B, Appendix Fig

4 of 19  EMBO reports 19: e46240 | 2018

cell embryos. In contrast, we found that H3K27me3 was specifically
enriched in SCNT-tdTomato™ embryos, but moderate stain in SCNT-
tdTomato™ and ICSI embryos. Contrary to H3K27me3 modification,
the H3K27me2 did not differ between ICSI- and SCNT-derived

© 2018 The Authors
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embryos (Appendix Fig S3D). To further consolidate the IF results,
we compared the H3K27me3 between different type embryos by
Western blot (WB). In the first set of experiments, SCNT-tdTo-
mato”, SCNT-tdTomato ™, and ICS embryos were collected at 2-cell
stage, and the numbers of the embryos harvested for WB are 500,
respectively. Furthermore, the polar bodies were also removed to
avoid histone contamination. As IF results, in the short-exposure
condition, H3K27me3 modification was effectively detected in the
SCNT-tdTomato™ and cumulus cell (Fig 3C and Appendix Fig S3E).
When the embryos used for the WB were increased to 1,000 and
under long-exposure condition, a weak band against the H3K27me3
was detected in the SCNT-tdTomato ™ and ICSI samples (Fig 3C and
Appendix Fig S3E). Therefore, the H3K27me3 modification in the
SCNT-tdTomato* and ICSI 2-cell embryos is present at very low
levels, but it can be detected. In addition, irrespective of whether
female cumulus cells, male Sertoli cells, or mouse embryonic fibrob-
lasts (MEFs) were used, the difference in H3K27me3 staining
between the two types of SCNT embryos was also observed
(Appendix Fig S3F). It is well known that fertilization unites two
highly specialized haploid genomes with markedly different chro-
matin modifications within a single cell to form a diploid zygote. In
the short period of the 1-cell stage, the two haploid genomes
undergo dramatic asymmetric chromatin remodeling to reestablish
transcriptional activation of zygotic gene expression [35]. We
further investigated whether the difference in H3K27me3 modifi-
cation also exists at the 1-cell zygote stage. We found that in 1-cell
ICSI embryos, H3K27me3 signals were prominent in the maternal
pronuclei, but not in the paternal pronuclei (Fig 3D and
Appendix Fig S3G), which are consistent with previous study [36].
Unlike the asymmetric modifications in ICSI embryos, we detected
strong H3K27me3 signals in all pseudo-pronuclei of SCNT embryos
(Fig 3E). Furthermore, we also found that H3K27me3 levels were
much higher in SCNT-tdTomato™ embryos than in SCNT-tdTo-
mato” or ICSI embryos at the morula stage (Fig 3F). According to

EMBO reports

the above results, we speculated that H3K27me3 is a natural key
barrier preventing somatic cell nuclear reprogramming. We further
examined the presence of H3K27me3 in bovine embryos, in which
ZGA takes place during the 8-cell stage. As expected, the bovine
intraspecific SCNT embryos also had much higher levels of
H3K27me3 in the nuclei compared to those in the in vitro fertiliza-
tion embryos at the 8-cell stage (Fig 3G and H). These results indi-
cated that the H3K27me3 epigenetic barrier for SCNT-mediated
reprogramming is shared across taxa.

Overexpression of KDM6A, but not KDM6B, improves
preimplantation development in SCNT embryos

Having established that H3K27me3 is a barrier to somatic cell repro-
gramming, we next evaluated whether the removal of H3K27me3
could facilitate ZGA in SCNT embryos. We compared the expression
levels of KDM6A and KDM6B, which are H3K27me3-specific demethy-
lases, between ICSI embryos and SCNT embryos by RT-qPCR (Fig 4A
and B). Neither KDM6A nor KDM6B was adequately activated in
SCNT embryos. In addition, the expression levels of other KDMs in
SCNT embryos were also lower than those in ICSI embryo
(Appendix Fig S4A). To correct the H3K27me3 modification, the
in vitro transcription vectors KDM6A and KDM6B tagged C-terminally
with the hemagglutinin epitope (KDM6A-HA and KDM6B-HA) were
constructed (Fig 4C). The exogenous HA ectopic expression vectors
allowed us to track the KDM6A and KDMG6B proteins in early embryos,
without the use of specific antibodies. Strikingly, IF staining showed
that ectopic expression of KDM6A or KDM6B markedly reduced the
levels of H3K27me3 (Fig 4D and Appendix Fig S4D). Furthermore,
other lysine methylation marks, including H3K9me3 and H3K4me3,
were not affected (Appendix Fig S4B). We first injected KDM6A mRNA
into enucleated MII oocytes (Fig 4E) and found that the overexpres-
sion of KDM6A mRNA significantly increased the SCNT blastocyst
formation rate (Fig 4F). Contrarily, the efficiency of SCNT was greatly

Figure 3. Abnormal H3K27me3 modification of SCNT embryos at the 2-cell stage.

A Immunofluorescence images of ICSI, SCNT-tdTomato®, and SCNT-tdTomato™~ embryos. Embryos approximately 26 h after activation were fixed and processed for
immunostaining with antibodies to H3K27me3 and Gag protein. ICSI embryos produced by MERVL:tdTomato sperm from the littermates of male mice. The images
are representative examples of the quantification shown in Fig 3B. Representative images from > 128 embryos analyzed in five independent micromanipulations are

shown. Scale bar, 20 um.

B Percentage of 2-cell ICSI and SCNT embryos with strong H3K27me3 staining and moderate staining (left). Numbers of the total embryos analyzed from five
independent micromanipulations are shown in the bars. Boxplots (right) for relative intensities of H3K27me3 from five independent experiments for each expression
as in Fig 3A. The median was indicated with a vertical line in the interior of the box, the edges indicate the 25%"/75" percentiles, and the maximum and minimum are

at the ends of the whiskers. ***P < 0.001 by two-tailed Student’s t-test.

C Western blot results showing H3K27me3 levels in SCNT and ICSI embryos. a-Tubulin (TUBB) was blotted as a loading control. The Ponceau S staining demonstrates

equivalent loading of each lane is shown in Appendix Fig S3E.

D Representative immunofluorescent staining of H3K27me3 in ICSI embryos at the 1-cell stage. ICSI 1-cell embryos are characterized by the visualization of two distinct
pronuclei (2PN) 6 h after sperm injection. H3K27me3 enrichment in the female-PN. The identity of the pronuclei was determined by their size and position relative to
the polar body. Representative images from > 95 embryos analyzed in four independent micromanipulations are shown. The optical Z-section series images are
shown in Appendix Fig S3G. & and @ indicated the male and female, respectively. SY, syngamy. Scale bar, 20 pum.

E Representative immunofluorescent staining of H3K27me3 in SCNT embryos at the 1-cell stage. H3K27me3 enrichment in the SCNT embryos was observed with either
1 pseudo-pronucleus (1PPN), bipseudo-pronucleus (2PPN), or tripseudo-pronucleus (3PPN). BA, before activation; AA, after activation. Representative images from > 55
embryos analyzed in three independent micromanipulations are shown. Scale bar, 20 pum.

F Dynamic appearance of H3K27me3 during early preimplantation development. Shown are representative images of embryos stained with DNA and H3K27me3.
Negative staining of H3K27me3 could be observed in ICSI and SCNT-tdTomato* embryo at morula stage. Representative images from > 83 embryos analyzed in four

independent micromanipulations are shown. Scale bar, 20 pm.

G Representative images of H3K27me3 immunostainings on bovine intraspecies SCNT embryos. IVF-derived bovine embryos were used as a control for comparison.
These images are representative examples of the quantification shown in Fig 3H. Representative images from > 100 embryos analyzed in four independent

micromanipulations are shown; Scale bar, 20 um.

H The bar chart shows the percentages of strong and moderate H3K27me3 modifications of bovine embryos. Numbers of the total embryos analyzed from four

independent micromanipulations are shown in the bars.

© 2018 The Authors
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Figure 4. Overexpression of KDM6A only improves the blastocyst formation rate of SCNT embryos, but not full-term development.

A, B RT-gPCR analysis of KDM6A (A) and KDM6B (B) mRNA levels in SCNT 2-cell embryo. Data shown are mean expression values relative to Gapdh. The value in ICSI

C

o m

control was set as 1. Error bars, SEM, n > 3. **P < 0.01 by Student’s t-test.

The sketch of KDM6A and KDM6B in vitro transcription vector (right), and the integrity of in vitro transcripted mRNA, was confirmed by electrophoresis with
formaldehyde gels (left). M, marker; T7, in vitro transcription promoter; HA, hemagglutinin epitope tag.

Immunostaining of SCNT embryo for H3K27me3 and HA epitope tag after injection of different mRNA as indicated. Representative images from > 187 embryos
analyzed in four independent micromanipulations for each condition are shown. Scale bar, 20 pum.

Schematic illustration of mRNA injection into oocytes and SCNT.

Representative images of SCNT embryos at 115 h after injection of different mRNA as indicated. Scale bar, 50 um.

The bar chart showing the efficiency of blastocyst formation. Injection of KDM6A mRNA improved the preimplantation development rate of SCNT embryos. Error
bars, SEM, n > 3. **P < 0.01, ***P < 0.001 by two-tailed Student’s t-test. n.s,, not significant.

Phenotypic analysis of E8.5 SCNT mouse embryos injection with 20 ng/ul or 50 ng/ul KDM6A mRNA (left). Representative images of the KDM6A-injected embryos at
E19.5 (right). The injected SCNT embryos were only obtained degenerated embryos. Al, allantois; SM, somite. Scale bar, 50 um.

The retrieved rate of embryo assessed at E8.5. Five independent experiment replicates were performed. The numbers at the bottom of the bars indicated the total
number of transferred embryos.

Schematic diagram depicts the position of highly conserved TPR and JmjC domain. The KDM6A is broadly expressed proteins characterized by N-terminal TPRs and
C-terminal JmjC domain. In KDM6B, the only clearly identifiable domain is the C-terminal JmjC domain. White asterisk indicates the mutation point.
Preimplantation development rates in the KDM6A-HA, KDM6B-HA, or KDM6A-cM/-nM/-ncM-HA mRNA-injected and non-injected control SCNT groups. The
efficiency was calculated based on the number of cleavage embryo. Error bars, SD, the total numbers of cleavage embryos in each condition (KDM6A-HA, KDM6B-
HA, KDM6A-cM/-nM/-ncM-HA, and control) from three independent experiments were 275, 199, 290, 221, 244, and 286, respectively.
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reduced by injecting KDM6B mRNA into enucleated MII oocytes prior
to SCNT (even at low doses, Fig 4F and Appendix Fig S4C). We also
noticed that a KDM6A concentration of 20 or 50 ng/ul substantially
improved the SCNT blastocyst development rate, while concentrations
of KDM6A mRNA over 200 ng/ul were detrimental to embryonic
development (Fig 4G and Appendix Fig S4C). To further investigate
whether KDM6A overexpression improved the efficiency of full-term
development, we transferred the SCNT embryos derived above into
surrogates. For most transfers, pregnancies were established and
maintained until day E8.5 and the fetuses were retrieved on that day
(Fig 4H). We found that the embryo retrieval rate for the group
injected with KDM6A mRNA was substantially greater than that of
directly transferred SCNT embryos (Fig 4I). Unexpectedly, only
implantation sites and degenerated embryos were observed on day
E19.5, suggesting that KDM6A-treated SCNT fetuses failed and were
reabsorbed at E8.5-19.5 (Fig 4H). These results indicate that the over-
expression of KDM6A (but not KDM6B) improved preimplantation
development, but could not improve the rate of full-term development
in SCNT fetuses.

Both KDM6A and KDM6B are jumonji (JmjC) domain-containing
proteins and catalyze the removal of trimethylation from histone
H3K27 by using a hydroxylation reaction with iron (Fe**) and a-keto-
glutarate (a-KG) as cofactors [37,38]. The jumonji gene was named for
a mutation in mice that causes abnormal cruciform neural grooves (in
Japanese, jumonji means cruciform). As shown in Fig 4J, KDM6B
shows high homology and structural relationship to KDM6A, espe-
cially in the JmjC domain, but lacks the tetratricopeptide (TPR)
domain, which is assumed to mediate protein—protein interactions
[39,40]. In order to further compare the differences between KDM6A
and KDM6B in SCNT reprogramming, we synthesized KDM6A-HA
expression vectors with different loci mutation and injected different
type mRNA into SCNT embryos (Appendix Fig S4E). When KDM6A-
cM-HA (JmjC domain mutant) or KDM6A-ncM-HA (TPR and JmjC
double mutant) was ectopically expressed in SCNT embryos, no
reduction in H3K27me3 methylation levels was observed (Fig 4D and
Appendix Fig S4D), which demonstrates that the demethylation

H3K27me3 resists SCNT reprogramming  Lei Yang et al

activity is dependent on JmjC domain. Furthermore, the blastocyst
formation rate of SCNT embryos was greatly reduced when KDM6A-
nM-HA was injected, which was similar to that of KDM6B-injected
SCNT embryos (Fig 4F and K, Appendix Table S2). Compared with
the control group, the efficiency of SCNT was no different by injecting
KDM6A-cM-HA or KDM6A-cnM-HA into SCNT embryos. These results
suggesting that the TPR and JmjC domain were required for KDM6A
rescue the poor developmental phenotype of SCNT embryos and indi-
rectly indicate that TPR domain may mediate protein—protein interac-
tions for moderate KDMGA activity in the SCNT reprogramming.

KDM6B knockdown increased the expression of KDM6A and
blastocyst formation rate

As described above, the ectopic overexpression of KDM6A mRNA at
low concentrations improved the SCNT efficiency. We have previ-
ously shown that mouse parthenogenetic embryos in which KDM6B
is knocked down exhibited a moderate increase in KDM6A expres-
sion [41]. We speculated that KDM6B knockdown could facilitate
ZGA and improve SCNT efficiency. To verify this hypothesis, we
designed and constructed short interfering RNA (siRNA) specifically
targeting KDM6A and KDMG6B (Fig SA and Appendix Fig S5A). A
siRNA without any specificity to KDM6A/B or other genes was
constructed as an siRNA-control. As expected, the qPCR results
demonstrated that the decrease in KDM6A or KDM6B expression
was accompanied by an increase in KDM6B or KDM6A expression,
respectively  (Fig 5B). Furthermore, a marked decrease in
H3K27me3 levels was observed when injected with either KDM6A
or KDM6B siRNA (Fig 5C and Appendix Fig S5B). The WB results
also confirmed this phenomenon at another protein levels (Fig 5D
and Appendix Fig S5C). These findings suggest that KDM6A and
KDMB6B are functionally redundant and compensate for each other
in SCNT embryos. At the beginning of the knockdown assay, we
noticed that the pluripotency genes Oct4, Sox2, and Nanog acquire
the H3K27me3 mark as they get repressed during ESC differentiation
[42,43]. In addition, KDMG6B also regulates the Hox gene expression,

Figure 5. KDM6B knockdown greatly improved the preimplantation development rate of SCNT embryos.

A RT-gPCR analysis of KDM6A/B in SCNT embryos injected with siRNA-6A or siRNA-6B. The SCNT embryos were subject to injection of 10 uM or 20 pM siRNA as
indicated. Data are mean expression relative to Gapdh with siRNA-control normalized to 1. Error bars, SEM, n = 3. **P < 0.01, ***P < 0.001 according to two-tailed

Student’s t-test. n.s., not significant.

B The bar chart shows the KDM6A/B transcript levels in SCNT embryo with 20 pM siRNA-6A/B. All data are mean expression relative to Gapdh with control siRNA-
injected SCNT embryos normalized to 1. Error bars, SEM, n = 3, **P < 0.01 by Student’s t-test.

C Immunofluorescence staining results showing H3K27me3 of 2-stage SCNT embryos. Embryo was injected with siRNA as indicated. The H3K27me3 levels between
control and double injected with siRNA-6A-6B cannot observe any difference, but a marked decrease was observed when injected with either sSIRNA-6A or siRNA-6B.

Scale bar, 20 pm.

D Western blot showing the expression of KDM6A and KDM6B in SCNT embryos after injection of different siRNA as indicated. Protein lysates from 1,500 embryos were
loaded in each lane. The results of one representative of two independent experiments are presented. The Ponceau S staining demonstrates equivalent loading of

each lane is shown in Appendix Fig S5C.
E  Schematic illustration of siRNA injection into oocytes and SCNT.

F Representative images of SCNT embryos at 115 h after injection of different siRNA as indicated. These images are representative examples of the quantification

shown in Fig 5G. n > 3. Scale bar, 50 um.

G Injection of siRNA-6B improved the preimplantation development rate of SCNT embryos. Both cumulus cells, Sertoli cells, and C57 MEF cells were used as donor cells.
The bovine intraspecies SCNT embryos derived from bovine ear fibroblast cells. Shown is the percentage of embryos that reached the indicated stages. &' and ¢

indicated the male and female, respectively. Error bars, SD, n > 3.

H RT—qPCR analysis for select ZGA genes in ICSI and SCNT embryos. The SCNT embryo was injected with siRNA as indicated. Results were normalized based on the
geometric mean of the expression levels of two reference genes (Ywhaz and Gapdh). Error bars, SEM, n = 3. *P < 0.05, **P < 0.01, ***P < 0.001 according to two-

tailed Student’s t-test. n.s., not significant.

8 of 19  EMBO reports 19: e46240 | 2018

© 2018 The Authors



Lei Yang et al ~ H3K27me3 resists SCNT reprogramming

which is essential for regulating cell differentiation and the forma-
tion of body structures during early embryonic development. In
order to avoid injuries caused by knockdown KDMG6B, we next
tested a serial dilution of siRNA-6B to determine the knockdown
efficiency (Fig 5A). Briefly, the optimal injection concentration of
siRNA-6B in our experiment was 10 pM. We then injected siRNA-6B
into recipient MII oocytes before SCNT (Fig 5E). Notably, the injec-
tion of KDM6B siRNA before SCNT increased the blastocyst rate to
70.8%, which did not differ significantly from the rate observed for

KDM6A mRNA injection alone (70.3%, Fig5F and G,
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Appendix Table S3). Furthermore, wusing Sertoli or MEF
cells, the injection of siRNA-6B before SCNT also increased the
blastocyst formation rate. When we performed the same trials for
bovine intraspecific SCNT, siRNA-6B injection also improved
the developmental efficiency (Fig 5G, Appendix Fig S5D, and
Appendix Table S3). When KDM6A was knocked down, the rate of
SCNT blastocyst formation was significantly decreased (Fig 5F and
G, Appendix Table S3). To further examine whether the positive
effect of siRNA-6B on SCNT embryonic development is dependent
on the observed increase KDMG6A expression, we next double
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Figure 6. KDM6B knockdown improved the SCNT embryo birth rate and DMD-ntES derivation.

A Experimental scheme for generating dual-reporter mice and SCNT.

B Representative fluorescence images of siRNA-control or siRNA-6B-injected SCNT embryos. Scale bar, 50 pm.

C Quantification of embryos that expression tdTomato after injection with siRNA-control or siRNA-6B. Numbers of observed embryos are indicated. n > 3, Error bars,
SEM, ***P < 0.001 according to two-tailed Student’s t-test.

D Representative images of green fluorescence in Oct4:EGFP-reconstructed blastocysts derived from injected siRNA-control or siRNA-6B SCNT embryos. Representative
images from > 25 embryos analyzed in three independent micromanipulations are shown. Green fluorescence indicates that the Oct4:EGFP transgene has been
expressed. Scale bar, 50 pm.

E Oct4:EGFP was upregulated significantly in ICSI embryos compared with SCNT embryos at blastocyst stages, as determined by RT-qPCR. Data shown are mean
expression values relative to Gapdh. The value in ICSI embryos was set as 1. Error bars, SEM, n > 3. *P < 0.05, ***P < 0.001 by two-tailed Student’s t-test.

F  Representative image of cloned mice derived by siRNA-6B-injected SCNT embryos.

Bar graph showing the efficiency of attachment to the feeder cells (left) and si6B-mdx-ntES derivation (right). The mdx sick mice tail-tip fibroblasts as nuclear donors.
N, total number of embryos analyzed for each condition. Results are from four replicate experiments.

H Immunostaining images of si6B-mdx-ntES expressed pluripotency markers. Scale bar, 50 pm.

| The si6B-mdx-ntES possessed multiple differentiation potential, as shown in embryoid body. Scale bar, 100 pm.

] An image of a chimeric mouse derived from si6B-mdx-ntES.
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injected siRNA-6A-6B into SCNT embryo. We observed significantly
lower developmental potential for siRNA-6A-6B-injected SCNT
embryos, with the majority arresting at the 2-cell stage and only a
few reaching the blastocyst stage (Fig5F and G,
Appendix Table S3). We also compared the ZGA-related gene
expression between different type siRNA-injected SCNT embryos via
RT—gPCR. Similarly, the qPCR results showed that the expression of
ZGA-related genes is decreased in SCNT embryo with siRNA-6A or
siRNA-6A-6B-injected compared with the control (Fig 5H). These
results suggest that the overexpression of KDM6A or knockdown of
KDMBG6B can improve the efficiency of SCNT reprogramming.

KDM6B knockdown increased the SCNT embryo birth rate as well
as the efficiency of DMD-specific ntES derivation

Reactivation of pluripotency genes is a major event for the success-
ful reprogramming of somatic cells to the blastocyst stage. In partic-
ular, the transcription factor Oct3/4 (Pou5fl) is expressed in the
ICM of the blastocyst stage, which is an effective indicator of embry-
onic quality. To determine the extent to which the injection of
siRNA-6B could overcome ZGA defects in the SCNT embryos, we
intercrossed MERVL::tdTomato with Oct4::EGFP transgenic mice
(expressing the enhanced green fluorescence protein controlled by
the Oct3/4 promoter) to produce MERVL::tdTomato/Oct4::EGFP
dual-reporter mice (Fig 6A and Appendix Fig S6A). Similar to other
somatic cells, the cumulus cells and sperm did not express tdTo-
mato and EGFP (Appendix Fig S6B). As expected, 40.7% of the
siRNA-6B-injected SCNT embryos exhibited tdTomato expression at
the 2-cell stage, whereas only 3.5% of the siRNA-control group
exhibited tdTomato fluorescence (Fig 6B and C). We also found
weak, but substantial expression of Oct4::EGFP in the siRNA-6B-
injected blastocysts (25/33, 75.6%), but not in the siRNA-control-
injected embryos (0/25, Fig 6D). We further compared the Oct4::
EGFP mRNA levels between ICSI- and siRNA-injected SCNT blasto-
cysts. The RT-qPCR results also showed that Oct4::EGFP mRNA
expression was higher in SCNT blastocysts injected with siRNA-6B
than in controls (Fig 6E). Moreover, the siRNA-6B-injected embryos
contained a greater total cell number than that of the control blasto-
cysts (118 in siRNA-6B injected versus 67 in control, Appendix Fig
S6C). We next investigate whether this positive effect could be
contributing to cloned mice birth. For this purpose, siRNA-6B-
injected SCNT embryos were transferred at the 2-cell stage into
pseudopregnant females. Caesarian section at E19.5 revealed that
the 6.0% (16/265, six twins) of transferred siRNA-6B-injected SCNT
embryos developed to term, while none of the 120 transferred
control embryos developed to term (Fig 6F, Appendix Fig S6D and
E). To better characterize post-implantation development, we
retrieved the siRNA-6B-injected SCNT conceptus at E15.5. The
results showed that 43.5% (17/39) of the implantation sites still
contained a fetus (nearly half of which were still alive, Appendix Fig
S6F). Upon closer examination, we found one fetus (1/17) with
intestinal fistula and skull closure defects (Appendix Fig S6D).
Subsequently, we evaluated whether KDM6B knockdown could
improve ntES derivation. Therefore, SCNT blastocysts were derived
from MERVL::tdTomato/Oct4::EGFP cumulus cells, and the stan-
dard protocol was used to establish ntES. Compared with unmanip-
ulated SCNT embryos, the efficiency of ntES derivation increased
from 39.5 to 80.3% with siRNA-6B injection, and all ntES lines

© 2018 The Authors
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expressed Oct4::EGFP (Appendix Fig S6G). As SCNT can be used to
consistently reprogram somatic cells to pluripotency, it is ideal for
cell replacement therapies. We next used mouse tail-tip MEFs of
DMD-deficient mdx mice as nuclear donors. SCNT blastocyst attach-
ment to the feeder cell increased from 13 to 57%, and ntES deriva-
tion increased from 4 to 27% by siRNA-6B injection (Fig 6G). The
si6B-mdx-ntES generated from siRNA-6B injected SCNT blastocyst
showed characteristic ES morphology and expressed ES markers
such as Oct4, Sox2, Sseal, and E-Cadherin (Fig 6H). To further
investigate the si6B-mdx-ntES differentiation capacity, we performed
in vitro differentiation and in vivo chimera assays. si6B-mdx-ntES
could efficiently give rise to three germ layer cells (Fig 6I). Further-
more, the si6B-mdx-ntES lines efficiently contributed to adult
chimeric mice (Fig 6J).

SCNT embryonic transcriptome upon KDM6B knockdown
resembled normal fertilized embryos

Having demonstrated that KDM6B knockdown markedly improved
SCNT efficiency, we next evaluated corresponding changes at the
molecular level. We first used a qPCR assay to detect the 2-cell
embryo-specific transcripts (Appendix Fig S7A). We found that
Zscan4, Gm6763, Eifla, and MERVL levels were higher in NT blasto-
cysts with siRNA-6B injection than in the control. Interestingly,
MERVL was strongly upregulated, but other repeat elements, such
as LINE-1 and IAP (intracisternal A particles), were unaffected.
These results suggested that the knockdown of KDM6B improved
the developmental potential of SCNT embryos by increasing ZGA-
related transcripts. To further verify this result, we used single-cell
RNA sequencing (scRNA-seq) to evaluate the transcriptome in
siRNA-6B-injected SCNT embryos. We also noticed that injection of
siRNA-6B does not make every SCNT embryos active MERVL::tdTo-
mato expression and reach the blastocyst. We combined live-cell
imaging, blastomeric biopsy, and scRNA-seq to accurately charac-
terize the molecular characteristics (Fig 7A and Movie EV3). We
first confirmed that the removal of a single blastomere at the 2-cell
stage did not influence the developmental capacity (Appendix Fig
S7B and C, Movie EV4). Using this system, we removed one blas-
tomere from siRNA-6B-injected MERVL::tdTomato-SCNT 2-cell stage
embryos for sScRNA-seq (referred to as si6B-NT); the remaining blas-
tomeres were monitored by live-cell imaging system for blastocyst
formation and tdTomato expression. We also generated scRNA-seq
profiles for normal SCNT 2-cell embryos (NT-2), and the publicly
available fertilized 2-cell embryo RNA-seq dataset was harvested as
WT-2 [44]. Finally, we obtained > 65 million 90-bp reads per
sample, with at least 72.8% of the reads aligning to the mouse
genome. Two biological replicates for each sample demonstrated
high reproducibility (Appendix Fig S7D). Compared to NT-2
embryos, 1,175 genes were highly expressed in siRNA-6B-injected
embryos (FC >5, FPKM > 5, Fig 7C). We next focused on the
expression of 7,773 representative ZGA-related genes [44], because
we supposed that knockdown of KDM6B to promote ZGA in SCNT
embryos. A pairwise comparison of the transcriptomes of NT-2,
si6B-NT, and WT-2 embryos identified 1,813 differentially expressed
ZGA-related genes (FC > 5, FPKM > 5), and these DEGs (differen-
tially expressed gene) could be classified into two groups (desig-
nated Groupl and Group2) by an unsupervised hierarchical cluster
analysis (Fig 7B, Datasets EV1 and EV2). Group2 genes were
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significantly more highly expressed in SCNT embryos injected with
siRNA-6B than in the NT-2 embryo. To further investigate whether
these DEGs cause developmental issues in SCNT embryos, we used
GO (Gene Ontology) and KEGG (Kyoto encyclopedia of genes and
genomes) to analyze enrichment for biological processes and path-
ways. Group2 genes were enriched for cell cycle, methyltransferase
activity, ribosome, and mitochondrion categories. These results
suggest that the dysregulation of these developmentally important
genes might be a cause of SCNT failure.

It is well known that Zscan4 plays an important role in lengthen-
ing telomeres by recombination-based mechanisms and in maintain-
ing genomic stability during embryonic development; the depletion
of Zscan4 causes a severe delay in preimplantation development
[45]. Therefore, we further examined the DEGs between si6B-NT
and NT-2 (Fig 7D and Appendix Fig S7E). We found that the knock-
down of KDM6B expression increased the expression of Zscan4 and
Eifla-like genes, suggesting that the knockdown of KDM6B
increases the efficiency of SCNT reprogramming. Furthermore, we
also identified 319 genes that were not activated in 2-cell SCNT
embryos and were derepressed by KDM6B knockdown (FC > 5,
FPKM > 5, Fig 7E and Dataset EV3). KEGG and GO analyses indi-
cated these genes are enriched for methyltransferase activity, meta-
bolic pathways, and RNA processes (Fig 7E). Taken together, these
results indicate that KDM6B knockdown can facilitate the activation
of the embryonic genome in SCNT reprogramming.

Knockdown KDM6B not only facilitates ZGA in SCNT, but also
impedes ectopic xist expression

The results above showed that 2-cell stage aberrant epigenetic
reprogramming can be rescued through overexpression of KDM6A
or knockdown of KDM6B. Although aberrant SCNT-ZGA is believed
to be the main reason for low cloning efficiency, another error iden-
tified in SCNT embryo is ectopic expression of the Xist (X-inactive
specific transcript), which initiates X chromosome inactivation.
Recently, H3K27me3 was identified as an imprinting mark for Xist
[46], which prompted us to ask whether it is also responsible for
fine-tuning KDM6A/B improved development of SCNT embryo. As
exact adjustment by siRNA is technically difficult, we next primarily
focused on male SCNT embryos with only a single X chromosome
and never expressed at 4-cell stage. According to a previous report

Figure 7. Analyses of molecular features of knockdown KDM6B-assisted SCNT.

H3K27me3 resists SCNT reprogramming  Lei Yang et al

[47], sex screening of early mouse embryos was determined by PCR
using a single blastomere biopsy at the 4-cell stage (Fig 7F). To
determine whether loss of H3K27me3 modification can induce Xist
derepression in embryos, we first injected KDM6A and KDM6B
mRNA into ICSI-derived embryos. As Inoue A et al report [46],
RNA fluorescent in situ hybridization (FISH) analysis confirmed
that KDM6A/B mRNA injection induces ectopic expression of Xist
and only KDM6A in a concentration-dependent manner
(Appendix Fig S7F). To evaluate the effect of fine-tuning KDM6A/B
on Xist expression in SCNT embryos, we harvested Sertoli cell-
derived SCNT embryos for Xist RNA detection via FISH assay. As
shown in Fig 7G, the majority of SCNT-derived blastomere showed
Xist RNA signal, and ICSI-derived embryos showed no Xist signal.
As expected, KDM6B knockdown by siRNA-6B led to Xist downre-
gulation and loss of Xist signal within the nucleus of SCNT
embryos. In contrast, most of the siRNA-6A-injected SCNT
embryos still showed one strong Xist signal in blastomeres. Previ-
ous studies demonstrated that ectopic expression of Xist will lead
to large-scale downregulation of X chromosome-linked genes in
the SCNT embryos [3,48]. The effect of siRNA-6B on ectopic Xist
expression was further examined by the expression levels of Xist
and X-linked genes (Tsix, Rnfl2, Pgkl, Fmrlinb, Atrx, Ubal,
Mecp2, and Placl) via single embryo RT-qPCR (Fig 7H). Consis-
tent with the FISH results, significant downregulation of Xist was
observed in SCNT embryos that had been injected with siRNA-6B.
In contrast, Xist was significantly upregulated in KDM6A mRNA-
injected SCNT embryos, and the X-linked genes were also upregu-
lated in siRNA-6B-injected embryos.

Related studies have demonstrated that the ectopic expression of
Xist in SCNT-derived embryos could be corrected by siRNA-Xist,
leading to more than a 10-fold increase in the birth rate of male
clones [3,48,49]. To examine whether the combination of siRNA-Xist
and siRNA-6B could further improve SCNT embryonic full-term
development, we then performed embryo transfer experiments to
assess the full-term developmental ability of siRNA-Xist-6B-coin-
jected SCNT embryos. Similar to previous report [3], injection with
siRNA-Xist alone improved the birth rate from 1.3% (1/77) to
11.7% (12/103) (Fig 7I and Appendix Table S4). Importantly,
siRNA-Xist-6B coinjection further increased the SCNT birth rate to
21.1% (16/76). This result indicates that siRNA-6B and siRNA-Xist
exert a synergistic effect on the SCNT reprogramming. Thus,

A Schematic illustration of the experimental procedures. We combined the live-cell imaging, blastomere biopsy, and single-cell RNA sequencing to accurate analysis.

B Heatmap comparing ZGA genes expression between WT-2 and NT-2 and si6B-NT embryos (FC > 5, FPKM > 5 in each replicate; left). A total of 1,813 DEGs are
classified into two groups by unsupervised hierarchical clustering. KEGG and GO analysis of the two groups by unsupervised hierarchical clustering (right).

C Scatter plots comparing the si6B-NT and NT-2 gene expression. The higher expression genes in sSiRNA-6B and NT-2 are colored with red and blue, respectively (FC > 5,

FPKM > 5).

D MA plot comparing gene expression between si6B-NT and NT-2. The data analyzed derive from two independent biological replicates. Arrows represent data points

outside of the plotting area. DEG, differentially expressed genes.

E Venn diagram showing the overlap between the genes that failed to be activated in SCNT 2-cell embryos and derepressed in knockdown KDM6B (left). Heatmap,
KEGG and GO enrichment showing the expression pattern of 319 overlap genes (FC > 5, FPKM > 5; right).

F Schematic illustration of the experimental approach.

Representative localization of Xist expression in the nuclei of SCNT embryos injected with siRNA-6A, siRNA-6B, or siRNA-Xist (left). Arrows indicate the blastomeres
enlarged in the bottom panels. The ratios of blastomeres classified according to the positive or negative expression of Xist analyzed by RNA-FISH (right). Each bar

represents a single embryo. Scale bar, 20 um.

H Large-scale qPCR analysis of Xist and eight X-linked genes in 4-cell stage male embryo. Each rectangle bar represents the expression value detected by single embryo
RT—gPCR. The number of embryos in each group is indicated. Colored bars indicate expression levels.
| Image of full-term cloned pups derived from NT Sertoli cells injected with siRNA-control, sSiRNA-Xist, or siRNA-Xist-6B.

12 of 19  EMBOreports 19: e46240 | 2018

© 2018 The Authors



Lei Yang et al ~ H3K27me3 resists SCNT reprogramming

knockdown of KDM6B not only facilitates the cloned embryos ZGA,
but also impedes ectopic Xist expression in SCNT reprogramming.

Discussion

Preimplantation embryogenesis encompasses several critical events,
especially the activation of ZGA-related genes. In 2014, Matoba and
colleagues identified reprogramming resistant regions (RRRs),
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which are enriched for the histone modification H3K9me3 [7]. Liu
and colleagues proved that excessive H3K9me3 modifications would
lead to ZGA failure [24]. Therefore, ZGA is indispensable for somatic
cell reprogramming [26]. It is noteworthy that a lack of relevant
animal models has hampered precise spatiotemporal detection and
critical evaluations of the efficacy of ZGA in SCNT reprogramming.
Immunocytochemistry requires sample fixation and is insufficient for
real-time monitoring of ZGA events. To the best of our knowledge,
the present study generated the first MERVL::tdTomato transgenic
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mice. To detect the efficiency of SCNT reprogramming, we crossed
the MERVL::tdTomato mouse strain with the Oct4::EGFP transgenic
mouse strain (also known as OG2) [50]. The compound homozygous
MERVL::tdTomato/Oct4::EGFP double transgenic mice provide the
opportunity for serial real-time monitoring of ZGA and reprogram-
ming efficiency.

The MERVL::tdTomato/Oct4::EGFP SCNT embryos can be divided
into three groups: MERVL ™ /Oct4~, MERVL" /Oct4~, and MERVL"/
Oct4 ™. Only a small proportion of reconstructed embryos were labeled
by both reporters (MERVL ™" /Oct4 "), and we never found MERVL ™/
Octd™ SCNT embryo. We only detect moderate H3K27me3 modifi-
cations in the MERVL™ SCNT- and ICSI embryos at the 2-cell stage,
but we clearly detected strong H3K27me3 staining in the MERVL™
SCNT embryos. Although the H3K27me3 defect in SCNT embryos has
been observed, previous studies have reported the loss of H3K27me3
in ICM cells of most SCNT embryos [51]. This difference might be
explained by a difference in the time of embryo collection between
studies. Our scRNA-seq transcriptome also demonstrated that ZGA-
related genes failed to be properly activated in MERVL™ SCNT
compared with normal fertilization embryos. Furthermore, a high
H3K27me3 level is detrimental to bovine SCNT embryonic develop-
ment, consistent with porcine SCNT reprogramming [52]. Collectively,
these results suggested that SCNT embryos are H3K27me3-defective at
the ZGA stage, which serves as another barrier to murine, bovine, and
porcine SCNT reprogramming.

In a series of rigorous experiments, we demonstrated that only
injection with a low concentration (20 or 50 ng/ul) of KDM6A
mRNA could facilitate the cloned embryos ZGA and improve the
preimplantation developmental potential. Although we were able
to efficiently obtain SCNT blastocysts by KDM6A injection, we
failed to obtain live cloned pups. A recent study claimed that injec-
tion with a higher concentration (1,000 ng/ul) of KDM6A mRNA
can improve the SCNT embryo preimplantation development [53],
which is contrary to the present study. Furthermore, Bai et al only
found high efficiency in preimplantation development of SCNT
embryos by reducing H3K27me3, but whether the post-implanta-
tion development of SCNT embryos can also be improved is not
test. In addition to abnormal ZGA, another SCNT reprogramming
obstacle is aberrant Xist activation following SCNT [54]. The down-
regulation of X-linked genes is mainly caused by the ectopic expres-
sion the Xist, which is responsible for the X chromosome
inactivation (XCI). Deletion of Xist or repression of Xist expression
by siRNA can elevate about 10-fold normal birth rate of mouse
cloning [3,48]. Bai et al claimed that H3K27me3 removal corrected
SCNT-specific aberrant XCI status in cloned embryos. This was espe-
cially of interest since it was recently reported that H3K27me3 serves
as the imprinting mark of Xist, and loss of H3K27me3 induces Xist
ectopic expression [46,49]. To further determine the role of KDM6A
in the XCI of SCNT, we injected KDM6A mRNA (1,000 ng/ul) into
SCNT embryos and found that the developmental efficiency of SCNT
embryos was reduced, while many X-linked genes were consistently
repressed. In contrast, knockdown of KDM6B could increase the
SCNT embryo birth rate as well as the efficiency of DMD-specific
ntES derivation. Thus, knockdown of KDM6B not only facilitates the
cloned embryos ZGA, but also impedes ectopic Xist expression in
SCNT reprogramming.

Previous studies have shown that the knockdown of KDM6B or
overexpression of KDM6A in MEFs results in significantly more iPSC
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colonies compared with wild-type cells [55,56]. Interestingly, the
knockdown of KDM6B in SCNT embryos leads to a moderate
increase in the expression of KDM6A, consistent with our previous
findings in mouse parthenogenetic embryos [41]. While our paper
was under preparation, another study reported the identification of
H3K27me3-dependent imprinting genes (which include Gabl,
Sfmbt2, and Slc38a4), and previous studies have shown that these
genes exhibit a loss of imprinting in SCNT embryos [57,58]. This
provides an explanation for why the knockdown of the H3K27me3
demethylase KDM6B promotes SCNT efficiency. In addition to the
silencing of the histone modification, a recent study found that
H3K4me3, an activating modification, is also obstacle to reprogram-
ming [29]. The findings of the present study in combination with
previous results in the field indicate that there are many obstacles in
SCNT reprogramming. Further studies should focus on identifying
the core obstacle.

Materials and Methods

Ethics statement

All studies adhered to procedures consistent with the National
Research Council Guide for the Care and Use of Laboratory Animals
and were approved by the Institutional Animal Care and Use
Committee at Inner Mongolia University.

Animals

C57BL/6N, DBA/2, and BDF1 (C57BL/6N x DBA/2) F1 strains of
mice were purchased from Vital River Laboratories (China). Pseudo-
pregnant CD1 or Kun-Ming (KM) mice were used as embryo recipi-
ents. In order to detect reprogramming by means of Oct4 promoter-
driven EGFP, BDF1 mice were replaced with OG2 mice that carry an
Oct4-EGFP transgene (JAX stock number 004654). All the MERLV::
tdTomato transgenic mice are syngeneic and bred by the same posi-
tive founder (F0). All the embryos used in the experiment were
produced by MERVL::tdTomato sperm and MII oocytes from the
littermates of transgenic mice. The copy numbers of MERLV::tdTo-
mato were detected by previously reported methods [59,60]. In
brief, we detected approximately 200 copies of MERLV::tdTomato in
reporter transgenic mice as determined by quantitative PCR.
Furthermore, the MERLV::tdTomato transgene copy number was
stable throughout the F20 generations.

Superovulation and in vivo fertilization

Superovulation was done as previously described [41]. Briefly,
BDF1 female (6-8 weeks old) mice were superovulated by intraperi-
toneal injection of pregnant mare serum gonadotropin (PMSG,
Sansheng, China, 10 IU) and human chorionic gonadotropin (hCG,
Sansheng, China, 10 IU) 48 h apart. Mice were sacrificed by cervical
dislocation, and cumulus—oocyte complexes (COCs) were collected
from oviducts 14 h post-hCG. For zygotes, superovulation of 7-/8-
week-old BDF1 females mated with males of the same strain.
Successful mating was confirmed by the presence of vaginal plugs.
The cumulus cells were dispersed by 0.3 mg/ml hyaluronidase in
M2 medium (Millipore, USA).
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In vitro mRNA synthesis, siRNA construction, and microinjection
in oocytes

The coding region of KDM6A and KDM6B was amplified from
mouse tail-tip genome. Forward and reverse primers contained T7
promoter and HA sequences, respectively. To prepare mRNAs for
microinjection, pT7-Cas9 (OriGene, GE100014), KKDM6A and
KDM6B expression vectors were linearized and subjected to
phenol-chloroform extraction and ethanol precipitation. The mRNA
synthesized with the mMESSAGE-mMACHINE T7 Ultra Kit
(Thermo, USA) according to the manufacturer’s instructions. Two
different siRNA species targeting KDM6B were designed and synthe-
sized using the Silencer siRNA Construction Kit (Ambion, USA)
following the manufacturer’s instructions. A commercially available
siRNA without any specificity to known genes was used as control.
As previously described [41], with minor modifications, 8 pl of
siRNA or mRNA was microinjected into the cytoplasm of denuded
oocytes. Oocytes were injected using Piezo-operated blunt-end
micropipette (3-5 um internal diameter). After injection, oocytes
were kept at RT for 30 min and then moved into the incubator.

Transgenic mice generation

The MERVL::tdTomato vector was a gift from Samuel Pfaff (Addgene
40281). The vector was linearized with the enzyme. The pronuclear
microinjection for the production of transgenic mice followed previ-
ously published studies [61]. Briefly, the linearized vector was injected
into the well-recognized pronuclei. Injected zygotes were transferred
into pseudopregnant female mice (~30 zygotes per mouse) after 4-h
recovery culture in KSOM-AA medium. For founder identification, tail
tips were subjected to standard DNA extraction procedures. The
amplified DNA fragments were subjected to TA cloning and sequenc-
ing. The founder mice were crossed to the littermates of founder mice
for four generations to produce homozygous MERVL::tdTomato mice.
We also intercrossed MERVL::tdTomato mice with homozygous
Oct4::EGFP transgenic mice (OG2) for six generations to produce
MERVL::tdTomato/Oct4::EGFP dual-reporter mice.

SCNT, ICSI, and IVF

The mouse-SCNT was done as previously described [62]. Briefly,
groups of ~50 MII oocytes were transferred to a chamber containing
oil-covered M2 supplemented with 5 pg/ml cytochalasin B (CB).
The spindle-chromosome complex (SCC) was removed by a blunt
Piezo-driven pipette (~10 um internal diameter) on a 37°C heating
stage of an inverted microscope (Nikon, Japan). The nuclei of donor
cumulus cells, Sertoli cells, or C57-MEF cells were drawn in and out
of the injection pipette until its plasma membrane was broken and
was then injected into enucleated oocytes. For the mdx-MEF cells,
live cells with a diameter of 10-15 pm were selected. The recon-
structed embryos were cultured in aMEM medium (Thermo, USA)
containing 10% fetal calf serum (FCS, Hyclone, USA) for 1-3 h
before activation treatment. The reconstructed embryos were acti-
vated in Ca** free KSOM medium containing 10 mM strontium and
5 png/ml CB for 6 h. Activated embryos were thoroughly washed
and cultured in G1/G2 medium (Vitrolife, Sweden). The bovine
SCNT, bovine oocytes obtained by aspirating follicles on slaughter-
house-derived ovaries. We cultured immature COCs in M199
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medium supplemented with 10% FCS, 0.2 mM pyruvate, 200 pg/ml
gentamicin, 0.5 mg/ml luteinizing hormone, and 1 mg/ml estradiol
for 16-18 h at 38.5°C with 5% CO, in the air. 18 h after the start of
maturation, cumulus cells were removed from the oocytes, and
oocytes with extruded first polar bodies were selected as MII oocyte.
Oocytes enucleated using a beveled glass pipette by aspirating the
first polar body and the MII plate in a small amount of surrounding
cytoplasm in M199-HEPES medium containing 5 pg/ml CB. In some
experiments, we labeled oocytes with DNA fluorochrome (Hoechst
33342) before enucleation. To ensure removal of the oocyte chro-
matin, we exposed the aspirated cytoplasm to UV light to examine
the enucleation. The donor cells were injected into the perivitelline
space of each enucleated oocytes by using the same slit in the zona
pellucida as made during enucleation. Then, we fused nuclear trans-
fer couplets in fusion medium by applying a single electric pulse
(1.2 kV/cm for 30 ps). One hour after fusion, the fused embryos
using 5 uM ionomycin for 5 min, followed by 5 h of treatment with
10 pg/ml cycloheximide (CHX). The mouse-ICSI was done as previ-
ously described [63]. Only the sperm head was injected into the
oocyte. After 30 min of recovery, the ICSI-generated embryos were
washed several times and cultured in KSOM-AA medium at 37°C in
a 5% CO, in air. The bovine-IVF, COCs matured for 24 h were co-
incubated with sperm (10° spermatozoa,/ml; thawing semen in 37°C
water) in IVF medium at 38.5°C with 5% CO, in the air for 20 h.
The IVF medium consisted of NaCl (114 mM), KCI (3.15 mM),
NaH,P0O, (0.39 mM), Na-Lactate (13.3 mM), CaCl, (2 mM), MgCl,
(0.5 mM), Na-Pyruvate (0.2 mM), penicillin (50 IU/ml), strepto-
mycin (50 pg/ml), NaHCO;3 (25 mM), heparin (10 pg/ml), penicil-
lamine (20 pM), hypotaurine (10 uM), epinephrine (1 uM), and
bovine serum albumin (6 mg/ml). Presumptive zygotes were
vortexed for 2 min to separate cumulus cells. Groups of ~40
presumptive zygotes were cultured in 500 pl drops of SOF medium
under mineral oil at 38.5°C, 5% CO, in humidified air. 72 h after
insemination, 5% FCS was added to the culture media.

ntES derivation, chimeric mice, and embryo transfer

Blastocysts were denuded by acidic Tyrode’s solution and plated on
mitomycin-treated MEF feeder layers in a 96-well plate. The ntES
cell derivation medium contains KnockOut-DMEM (Thermo, USA)
supplemented with 15% (v/v) KnockOut Serum Replacement (KSR;
Thermo, USA), 1 mM GlutaMAX (Thermo, USA), 0.1 mM mercap-
toethanol, 1% nonessential amino acid (Thermo, USA), penicillin/
streptomycin (100x; Thermo, USA), nucleosides (100x; Thermo,
USA), and 1,000 U/ml LIF (Thermo, USA). The ntES colonies
formed with culturing for 10 days were picked and transferred for
cell passage. For chimeric experiments, ntES were used one day
before passaging, which showed an optimal undifferentiated
morphology. The ntES were microinjected into CD1/KM blastocysts
using a Piezo microinjection pipette. After culturing for 3 h, the
embryos were transplanted into the uterus of pseudopregnant mice
(~20 embryos per mouse). The 2-cell stage SCNT-, siRNA-6B-, or
KDMG6A/B-injected embryos were transferred to the oviducts of E0.5
pseudopregnant (~20 embryos per mouse). The embryos were
recovered by caesarian section on the E8.5, E14.5, or E19.5. The
cloned pups nursed by lactating CD1/KM females. SSLP analysis
was performed for D6Mitl5, D2Mit102, D11Mit236, D4Mit204, and
EGFP. The primer information is presented in Appendix Table S5.
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Immunofluorescence staining

Embryos and ntES were rinsed three times in phosphate-buffered
saline (PBS) with 0.3% BSA, fixed with 4% paraformaldehyde
(PFA) overnight at 4°C, and then permeabilized with 0.2% (vol./
vol.) Triton X-100 for 15 min at room temperature, followed by
washing thoroughly in PBS containing 0.3% BSA. Fixed samples
were blocked in 0.05% Tween 20 in PBS containing 3% BSA
(PBST) at 37°C for 1 h and then incubated with the primary anti-
bodies overnight at 4°C. Embryos were incubated with primary
antibodies against H3K27me3 (Millipore, ABE44, USA), H3K27me2
(Abcam, ab24684, USA), H3K4me3 (Abcam, ab213224, USA),
H3K9me3 (Abcam, ab176916, USA), HA (Santa Cruz, sc-7392,
USA), MuERVL-Gag (EpiGentek, A-2801-100, USA), Oct4 (Santa
Cruz, sc-8629, USA), Sox2 (Santa Cruz, sc-17319, USA), Cdx2
(Abcam, ab76541, USA), Nanog (Abcam, ab107156, USA), Sseal
(Santa Cruz, sc-21702, USA), E-cadherin (Abcam, ab40772, USA),
Nestin (Santa Cruz, sc-21247, USA), Brachyury (Santa Cruz, sc-
17745, USA), and Gata4 (Santa Cruz, sc-1237, USA). After incubat-
ing, the samples were needed to wash several times in PBST and
then incubated with appropriate secondary antibodies conjugated
with Alexa Fluor 594 and Alexa Fluor 488 (Thermo, USA) for 1 h
at 37°C. For imaging, the embryos were mounted in 10 pl anti-fade
solution with DAPI (Thermo, USA) and compressed with a cover-
slip. All samples were observed by laser scanning microscope
(Nikon, Japan). For fluorescence quantification, the signal intensity
was analyzed as described previously [64-66]. Briefly, nuclei of
blastomeres were identified by DAPI staining. Quantification analy-
sis of fluorescence intensity in nuclei or cytoplasmic areas was
performed using ImageJ software (NIH, Bethesda, MD, USA;
http://rsbweb.nih.gov/ij/). In addition, at least three different
cytoplasmic areas were delineated for normalization to back-
ground. The average pixel intensity of the nuclear areas was calcu-
lated by ImageJ and then normalized by dividing by the average
pixel intensity of the background areas.

Western blot

Western blotting was performed using Multistrip Western blotting
protocols described previously [67]. Briefly, whole cell lysates
from 500-1,500 oocytes or reconstructed embryos were lysed in
beta-mercaptoethanol-containing loading buffer and heated at
95°C for 8 min. The embryonic lysates were separated by SDS-—
PAGE (90 V for 30 min, 30-50 V overnight, when the loading
buffer is no longer on the gel, stop the electrophoresis). Follow-
ing electrophoresis, the protein transferred from the gel to nitro-
cellulose membranes (Bio-sharp, China). We next cut the
membrane into two strips and blot separately. The membrane
was followed by blocking in TBST containing 5% defatted milk
(BD, USA) for 120 min at 4°C. After being probed with primary
antibodies (overnight at 4°C), the membranes were washed in
TBST, incubated with an HRP-linked secondary antibody for
120 min at 37°C, and washed three times with TBST. Bound
antibodies were detected with SuperSignal West Femto Substrate
Trial Kit (Thermo, USA). The antibodies used are listed in IF
section. Quantification analysis of band intensity was calculated
by ImageJ software (NIH, Bethesda, USA, http://rsbweb.nih.gov/
ij/).
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RNA-FISH

RNA-FISH on preimplantation embryos was performed as previ-
ously described [46,68]. Briefly, the embryos were fixed in 2% PFA
in PBS containing 0.5% Triton X-100 for 20 min at room tempera-
ture. After three washes with 0.1% PVP/PBS, embryos were treated
with 0.1 N HCI containing 0.02% Triton X-100 for 15 min at 4°C.
After three washes with 0.1% PVP/2x SSC, embryos were incubated
in a series of 10, 20, and 50% formamide/2x SSC. The samples were
covered with mineral oil, heated for 30 min at 80°C, and then incu-
bated for ~30 min at 37°C. Next, the fixed embryos were performed
using ViewRNA ISH Cell Assay Kit (Thermo, USA) based on the
manufacturer’s instructions. Custom-designed ViewRNA Cell Plus
Probe against Xist (Thermo, VX-06, USA). The embryos were then
counterstained with DAPI, and fluorescence was detected under a
laser-scanning confocal microscope (Nikon, Japan).

RNA extraction and RT-qPCR

As previously described [41], total RNA was extracted using the Pico-
Pure RNA Isolation Kit (Thermo, USA) according to the manufac-
turer’s instructions. Total RNA was extracted from each pool of
embryos (n = 3 pools of 20 oocytes or embryos per time point), and
residual genomic DNA was removed by DNase digestion, using an
RNase-Free DNase Kit (Qiagen, Germany). Reverse transcription was
performed using SuperScript III (Thermo, USA) following the manu-
facturer’s instructions. Quantitative RT-PCR was performed using a
SYBR-Taq Master Mix (Applied Biosystems, USA), and signals were
detected with ABIZ500 real-time PCR System (Applied Biosystems,
USA). Analysis of relative gene expression was measured using the
2420 method. For the single embryo, RT-qPCR was done as previ-
ously described [69]. Briefly, embryonic total RNA was extracted
using an RNeasy Micro Kit (Qiagen, Germany) and treated with
DNase following the manufacturer’s instructions. mRNAs were
reversed by SuperScript III Reverse Transcriptase Kit (Thermo, USA).
For quantitative gene expression analysis with high specificity,
TagMan probes (Thermo, USA) were used in single embryo RT-qPCR
assays, and the expression levels of all embryos were normalized to
the average expression levels of ICSI group. All the TagMan probes
and primer sets used in this study are shown in Appendix Table S5.

Embryo biopsy, library construction, and single-cell RNA-seq

The 2-/4-cell embryos were transferred into Ca** and Mg®" free
KSOM-AA medium for 1 h to disrupt cell adhesion and were then
transferred to Ca** and Mg * free M2 medium on the micromanipula-
tion dish. The zona pellucida was penetrated by a blunt Piezo-driven
micropipette (~30 um inner diameter), and one blastomere was gently
aspirated from each manipulated embryo, and the rest of the blasto-
meres were cultured in G1+G2 (1:1) medium with 5% CO, at 37°C.
The isolated single blastomere was washed twice in PBS-BSA (0.1%)
and hold individual blastomeres before placing in lysis buffer and
stored in liquid nitrogen. The single-cell RNA-seq method followed
previously published studies [24], only capture mRNAs with a poly
(A) tail. Library construction was performed following the Illumina
manufacturer’s instructions, and sequencing was performed at the
BGI (China). Paired-end sequencing was further performed on the
[lumina Hiseq 2000 platform. The sequencing reads that low quality
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and adapters were pre-filtered before mapping. Filtered reads were
mapped to the mm9 genome using Tophat (v1.3.3) with default
parameters. Transcriptional profiling was done as described [24].
Briefly, data normalization was performed by transforming uniquely
mapped transcript reads. Genes with low expression in all stages were
filtered out and quantified to FPKM (fragments per kilobase of exon
model per million mapped reads) using Cufflinks (v1.2.0) to eliminate
the effects of sequencing depth and transcript length. Some analyses
were performed using R software.

Live-cell imaging procedures

Live-cell imaging was done as previously described [41,70]. Briefly,
the embryos were transferred to drops of KSOM-AA medium, placed
in the incubator (Tokai Hit, Japan) on the microscope stage (Nikon,
Japan), and incubated at 37°C under 5% CO, in air. Images were
acquired by an electron multiplying charge-coupled device (EM-
CCD) camera (iXON 897, Andor, UK). Images were taken over 96 h
at 10- or 15-min intervals. Live-cell imaging system was housed in a
dark room at 27°C.

Data availability

Sequencing data have been deposited in the NCBI sequence read
archive (SRA) under accession codes: si6B-NT-1 (SRR8191122), si6B-
NT-2 (SRR8191121), NT-2-1 (SRR8191120), and NT-2-2 (SRR8191119)".
All other data are available from the authors upon reasonable request.

Expanded View for this article is available online.
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