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ABSTRACT

Somatic cell nuclear transfer is an important technique for life science research,
but its efficiency is still extremely low, and most genes that are important during
early development, such as X chromosome-linked genes, are not appropriately
expressed during this process. Poly (ADP-ribose) polymerase (PARP) is an enzyme
that transfers ADP ribose clusters to target proteins. PARP family members such as
PARP1 participate in cellular signalling pathways through poly (ADP-ribosylation)
(PARylation), which ultimately promotes changes in chromatin structure, gene
expression, and the localization and activity of proteins that mediate signalling
responses. PARP1 is associated with X chromosome inactivation (Xi). Here, we showed
that abnormal Xi occurs in somatic cell nuclear transfer (NT) blastocysts, whereas in
female blastocysts derived from cumulus cell nuclear transfer, both X chromosomes
were inactive. Parp1 expression was higher in female NT blastocysts than that in
intracytoplasmic sperm injection (ICSI) embryos but not in male NT blastocysts.
After knocking down Parp1 expression, both the pre-rRNA 47S and X-inactivation-
specific transcript (Xist) levels increased. Moreover, the expression of genes on the
inactivated X chromosome, such as Magea6 and Msn, were also increased in the NT
embryos. However, the development of Parp1lsi NT embryos was impaired, although
total RNA sequencing showed that overall gene expression between the Parp1lsi NT
blastocysts and the control was similar. Our findings demonstrate that increases in
the expression of several genes on the X chromosome and of rRNA primary products
in NT blastocysts with disrupted Parpl expression are insufficient to rescue the
impaired development of female cloned mouse embryos and could even exacerbate
the associated developmental deficiencies.

INTRODUCTION transfer (NT) embryos and normal fertilized embryos [1-
4], especially during early stages of development and for X

Somatic cell nuclear transfer is an important chromosome-linked genes. Inoue et al. revealed significant
technique for life science research that has been widely down-regulation of genes on the X chromosome in cloned
applied in animal husbandry and breeding, in the embryos and demonstrated that X-inactivation-specific
protection of endangered animal species, and in medical transcript (Xisr) was ectopically expressed on the active
research on stem cells and organs for tissue reconstruction. X chromosome in female and male cloned embryos.
Despite the widespread use of this technique, however, its Consequently, the single X chromosome in male cloned
efficiency is still very low. Many studies have revealed embryos and both X chromosomes in female cloned
large differences in gene expression between nuclear embryos were abnormally inactivated. Subsequently,

www.impactjournals.com/oncotarget 69863 Oncotarget



Ogura’s group achieved considerable development of
cloned embryos through knocking out or knocking down
Xist in donor cells [5, 6].

It has been suggested that poly(ADP-ribose)
polymerases (PARPs) are key factors in the formation of
facultative heterochromatin in the inactive X chromosome
[7]. PARP family members transfer ADP ribose clusters
to target proteins and thus interfere with their activity
in the nucleus [8]. PARPI participates in cellular
signalling pathways through poly (ADP-ribosylation)
(PARylation). This process alters chromatin architecture,
gene expression, and the localization and activity of
proteins that mediate signalling responses [9]. PARP1
participates in the establishment and maintenance of
rDNA heterochromatin and is associated with inactivation
of the X chromosome [7, 10].

In a previous study, we demonstrated that the
efficiency of ribosomal DNA (rDNA) reprogramming in
NT embryos is determined by rDNA activity in the donor
cells from which they are derived. DNA methylation of
rDNA promoters is not fully reprogrammed in oocytes
[11]. Heterochromatin must be remodelled during the
reprogramming of somatic cells in NT embryos. As a
component of the silencing complex, PARP1 should be
involved in this process. Given that TDNA demethylation
is incomplete and that Xi is abnormal in NT embryos, we
hypothesized that knocking down Parpl might promote
the development of NT embryos by alleviating rDNA
heterochromatin or Xi.
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The objective of the present study was to investigate
the influence of PARP1 on rDNA transcription and
X-linked gene expression during the early development of
mouse NT embryos.

RESULTS

Both X chromosomes in CCNT embryos are
inactive, and Parpl levels are increased in female
NT blastocysts

In mammals, the difference in the chromosome
complement between males and females is achieved
through the silencing of the genes on one of the two X
chromosomes in females. Thus, in both male and female
cells, only a single copy of the X chromosome is active
[12]. The Xist gene is exclusively expressed from the
inactive X chromosome and has been suggested to act
as a non-coding RNA based on the convincing argument
that the majority of Xist RNA localizes to the nucleus and,
more specifically, accumulates within the territory of the
inactive chromosome. The Ogura group confirmed that
the localization of trimethylated histone H3 at lysine 27
(H3K27me3) is responsible for the repressive chromatin
state in the inactive X chromosome [5, 6]. Thus, we
used H3K27me3 as a marker of Xi and identified one
inactive X chromosome per blastomere in female ICSI
embryos or parthenogenetic embryos and no inactive
X chromosomes in males (Figure 1A). These results
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Figure 1: Distribution of H3K27me3 in ICSI and CCNT blastocysts and Real-time quantitative expression of Parpl.
(A) Distribution of H3K27me3 in ICSI female and male, CCNT, and parthenogenetic blastocysts. ICSI: intracytoplasmic sperm injection,
CCNT: CCs as the donor for nuclear transfer, P: parthenogenesis. H3K27me3 is presented in green, whereas DNA is stained by Hoechst in
blue. The merge shows both H3K27me3 and DNA. (B) Parp1 expression level in CCNT, SeCNT and ICSI embryos at the blastocyst stage.
SeCNT: Sertoli cells as the donor for nuclear transfer. The expression level in ICSI embryos was set as 1. * Indicates significant differences

at P <0.05.
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confirmed that H3K27me3 is an effective marker of Xi.
Then, we detected the fluorescent signal of H3K27me3 in
CCNT embryos and found two inactive X chromosomes in
each blastomere of CCNT blastocysts (Figure 1A). These
observations suggest that abnormal Xi occurred in CCNT
embryos, possibly explaining their impaired development.

PARPI plays an important role in Xi reactivation
[7]. To measure gender differences in the expression of
Parpl, we constructed NT embryos of both sexes using
CCs and Sertoli cells as donors. Through Q-PCR, we
found that Parpl levels were significantly increased
in female NT blastocysts compared with ICSI embryos
(Figure 1B), but this increase was not observed in male
NT blastocysts. Therefore, we decided to reduce the
expression of Parpl in female NT embryos.

Knocking down Parpl partially reactivates Xi

PARPs are enzymes that transfer ADP-ribose groups
to target proteins. PARPs act through a complex response
network that is driven by the cellular, molecular and
chemical biology of poly(ADP-ribose) (PAR). A role for
PARPI in Xi has been suggested based on the protein’s
association with the C-terminal non-histone domain of
the histone variant MACROH2A1.2, a key factor in the
stable silencing of genes on the inactive X chromosome
[13]. Given the increased expression of Parpl that was
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observed in NT blastocysts, we decided to reduce Parpl
levels to reactivate the inactivated X chromosome.

Using Parpl siRNA at a concentration of 100
nM with a reaction time of 72 h, we reduced the Parpl
expression level to 20% in MEFs (Supplementary Figure
1). Immunofluorescence showed that PARP1 was rapidly
reduced in NT blastocysts following Parpl siRNA
treatment (Supplementary Figure 2). After knocking
down the expression of Parpl, Xist levels decreased in
female MEFs, whereas the expression of genes on the
X chromosome, such as Magea3, Magea6 and Msn,
increased (Figure 2A). The expression of the histone
variant MacroH2A1, a key factor in the stable silencing
of genes on the inactive X chromosome, decreased
after Parpl expression was reduced (Figure 2B). In NT
blastocysts, the X chromosome genes Magea6 and Msn
exhibited increased expression when Parpl expression
was reduced (Figure 2C). We also detected the expression
of all X chromosome-linked genes in NT blastocysts
and identified various genes that showed increases when
Parpl expression was reduced (Figure 2D). These results
suggest that knocking down Parp partially reduced Xi.
However, Xist expression also increased in blastocysts in
which Parpl expression was reduced. This phenomenon
was different from that observed in MEFs, indicating that
PARP1 might participate in Xi through other signalling
pathways in CCNT cloned embryos.
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Figure 2: Expression of X chromosome-linked genes in MEF and NT blastocysts when Parpl was knocked down. (A)
Expression of some X chromosome-related genes in MEFs when Parpl was knocked down. (B) Expression of MacroH2A1 in MEFs
when Parpl was knocked down. (C) Expression of X chromosome-related genes in NT blastocysts when Parp! was knocked down. The
expression level of the si control was set as 1. * indicates significant differences at P <0.05 (D) The relative expression levels of all X-linked

genes plotted at the X chromosome position in cloned embryos.
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Table 1: Rate of development of nuclear transfer embryos after Parpl interference

Groups Embryos 2-cell (%) 4-cell (%) Morula (%)  Blastocysts (%) Off(so/pl;ng
(1)
Control 137 125 (91.41+4.87)* 91 (73.11+£10.27)* 72 (57.84£12.12)* 54 (43.37+4.47)* 1 (0.78+£1.5)

Parpl siRNA 140

130 (92.3142.62)° 111 (82.44+7.84) 55 (43.32+3.20)* 24 (18.05+3.82)° 0 (0)

The experiment was repeated three times.

* Values with different superscripted symbols in the same column differ significantly (P<0.05).

® Values with different superscripted symbols in the same column differ significantly (P<0.05).

Knocking down Parpl impairs NT embryo
development

Although the expression of some X chromosome-
linked genes increased after Parpl expression was reduced,
corresponding increases in the blastocyst rate of the NT
embryos were not observed, given that the rate was reduced
by approximately 2-fold in the Parplsi-NT embryos
(18.5%) compared with the control NT embryos (43.2%),
and none of the Parp1si-NT offspring was got after embryo
transfer compared with control (Table 1). We hypothesized
that PARP1 plays an important role in the development of
NT embryos and to address this hypothesis, we performed
expression profiling of the blastocysts to be sequenced.
The total RNA sequence showed minimal differences in
gene expression between the Parp/si NT blastocysts and
the female controls (Figure 3A), and fewer than 30 DEGs
were identified among the Fertilized, NT, and NT-Parp1si
embryos (Figure 3C). All the expressed genes could be
classified into six groups through unsupervised hierarchical
cluster analysis (Figure 3A). GO analysis revealed that these
genes were similar (Figure 3B), indicating that once the
embryos developed to the blastocyst stage, gene expression
in NT and NT-Parplsi embryos was similar to that in
Fertilized embryos. However, NT embryo development was
impaired when Parpl expression was reduced, possibly due
to the other important roles of PARP1, such as maintenance
of DNA integrity and DNA repair [14, 15], which
were altered during early development. Osada, Nozaki
[14] found that DNA damage can occur in the nuclear
reprogramming process during cloning. As a component of
DNA repair, PARP1 is likely involved in this process. Thus,
the development of NT embryos is impaired when Parp! is
knocked down.

Knocking down Parpl increases rRNA
transcription in NT embryos

PARPI1 participates in the establishment and
maintenance of rDNA heterochromatin [16, 17]. rtDNA
activity is essential for NT development. Therefore, we
detected the head product and end product of rDNA
(47S and 18S) in female MEF and NT blastocysts. The

expression of 478 did not change in female MEFs when
Parpl expression was reduced; however, its expression
increased in NT blastocysts after Parpl was knocked
down. In contrast, 18S levels showed no changes in NT
blastocysts (Figure 4).

DISCUSSION

Knocking down Parpl1 only partially reactivates
Xi and does not rescue the impaired development
of female cloned embryos

In this study, we confirmed that both X
chromosomes are inactive in NT embryos. Although
reducing Parpl expression partially reactivated the X
chromosome, the development of NT embryos was not
significantly improved.

We hypothesize that the following explanations
might account for these findings. First, PARP1 not only
participates in maintaining Xi but also plays important roles
in other processes, such as rDNA heterochromatinization
[15, 16, 18]. Zhang, Huynh [19] reported that the inactive X
chromosome is located near a distinct nuclear compartment
after it pairs with its homologous partner in female MEFs.
During mid-to-late S-phase, approximately 80 to 90% of
inactivated X chromosomes contact the nucleolus. When
ectopic Xist is knocked-in in autosomes, they also localize
near the perinucleolar compartment. Deleting Xis¢ results
in a loss of nucleolar association [19]. rDNA is located
in the perinucleolar compartment; thus, the inactivated
X chromosome colocalizes with rDNA heterochromatin.
Recent results identified interactions between PARPI
and TTF-I-interacting protein 5 (TIP5), which is part of
the nucleolar remodelling complex (NoRC). The NoRC
controls the maintenance of silent rDNA chromatin. This
connection is mediated by pRNA and is implemented
to accumulate PARP1 at rRNA genes to rebuild silent
chromatin after replication in mid-late S-phase [20, 21].
Knockdown and overexpression of PARP1 not only
interfere with rDNA heterochromatin but also influence the
chromatin structure of human o-satellite repeats [22, 23].
We found that ParpIsi activated rDNA transcription in NT
blastocysts. However, the expression of the end product
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Figure 3: RNA-Seq was performed, and no differences were observed among the NT, NT-Parp1si and Female Fertilized
blastocysts. (A) Heatmap illustrating overall gene expression in the three types of blastocysts. (B) Gene ontology analysis of the six
groups classified in A. The total genes were classified into six groups via unsupervised hierarchical clustering. (C) Differentially expressed

genes (DEGs) between 2 of the 3 types of blastocysts.
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Figure 4: Effects of rDNA-related gene expression in MEF and NT blastocysts when Parpl was knocked down. (A)
Expression of 47S in MEFs when Parpl was knocked down. (B) Expression of 47S and 18S in NT blastocysts when Parpl was knocked
down. The expression level of the si control was set as 1. * indicates significant differences at P <0.05
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Table 2: Primers used for the detection of rDNA and X chromosome-linked gene expression in cells and embryos

Gene Gene no. Primer sequence (5°-3°) E R?

47S rRNA V00850 Sense Antisense GCCTTCGCC;F gzgzizgigiicgﬁﬁ C 93.0 1.000
18S rRNA BK000964 Sense Antisense gg](“:((j}((}} ggi?éggggiggéﬁg 101.3 0.999
Parpl NM 007415.2 Sense Antisense G CG &i%ﬁ%gg%;ii&?ﬁ G(EF((}EFI;X C 109.5 0.997
Xist NC _000086.7 Sense Antisense 2TG ("}[’ gfgggégi%%&i@riggé 106.9 0.997
Magea3 NP_064401 Sense Antisense C:g é g%igﬁ%%i&%iﬁééié%Tf 96.5 0.996
Magea6 NP_064403 Sense Antisense AACTC GC é,?ci%icGTEiITGTC GA g:(? (le AT 98.0 0.997
Msn NM_010833 Sense Antisense lggggg?g ((}:l("}g (?,Sé]g}j?]? (?TA (? ((j}l:r 94.8 0.994
iﬁ:gon Al NC _000079.6 Sense Antisense Cg%?;ggéiﬁ? g gi"(l"} g GA é‘ﬁACéC 96.2 0.998
Cyclophilin-A NM_008907 Sense Antisense GA(C:} gg((j: gg,? é} ((}: gAngf (? AG gGA 96.0 0.998
H2afz NM 016750.2 Sense Antisense Zgig%gé;%%%i?égﬁg%&GGGﬁx 95.6 0.999
Gapdh NM_008084 Sense Antisense g?éggggigéé?i?g??ig? 88.9 0.999

E indicates amplification efficiency. R? indicates regression coefficients.

18S was not increased in either MEF or NT embryos after
Parplsi.

It had been reported that depletion of PARP-1 by
RNA interference caused reactivation of a reporter gene
on the inactive X chromosome, demonstrating that PARP-
1 participated in the maintenance of silencing [7]. PARP1
also operate at heterochromatic regions such as telomeres,
pericentric heterochromatin and silent ribosomal RNA
(rRNA) genes [16, 23]. Although these data were
derived from cell experiments, we thought PARP1 would
promote the development of NT embryos by improve the
two abnormal. X chromosome inactive starts from 72
hours after fertilization or activation when the embryos
nearly develop to the blastocyst stage [24]. We have
confirmed that Parpl increased in CCNT blastocysts
and the interference effect reached the strongest after
72 hours transfection when the embryos mostly develop
to blastocysts. So we carried out the experiment under
this condition. It is regrettable that NT embryos did
not develop well as Parpl was interfered, we thought it
may be because of the role of PARP1 in DNA damage
and repair [14]. And we guess the data of PARP1 in cell
experiments maybe not suitable to embryos, for the signal
path in embryonic development was complicated.

Second, the low developmental potential of female
NT mouse embryos might be attributed abnormal Xi
on the active X chromosome [5, 25]. When both X
chromosomes are inactive, numerous X chromosome-
linked genes are not sufficiently expressed. Any method
for ameliorating this abnormal Xi, such as knocking out
Xist or using siRNA to knock down Xis¢, would potentially
lead to remarkable improvements in cloning efficiency.
We chose a female donor to implement NT, but we did
not observe improved development. This finding may be
attributed to the differences between females and males.
Matoba et al. reported that RNAi-mediated knockdown
of Xist rescued the impaired development of male cloned
mouse embryos, but this effect was not observed in
females [6, 25]. Xist siRNA injection was found to be
largely effective in repressing Xis¢ overexpression in
female cloned embryos but failed to rescue them, likely
due to an inability to mimic consistent monoallelic Xist
expression in these embryos [25]. Similar to Oikawa’s
results, we did not achieve any improvement female NT
embryonic development through knocking down Parpl,
which instead exacerbated developmental problems.

Third, RNA sequence analysis revealed that the
three types of NT-Parplsi embryos were not the same:
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NT-Parplsi-1 embryos were more similar to Fertilized
embryos, whereas NT-Parplsi-2/3 embryos were more
similar to NT embryos (Supplementary Figure 3). This
finding indicates that the Paprlsi-blastocysts may have
differed from each other due to individual differences or
because the influence of Parpl siRNA was not identical
in each NT embryo. To obtain accurate and reliable data,
the number of samples should be increased in future
studies.

Finally, PARP1 plays important roles in DNA
damage repair during nuclear reprogramming. DNA repair
should be completed before epigenetic reprogramming via
chromatin modification. Osada, Nozaki [14] reported that
NT eggs formed PPN after activation with a significantly
increased efficiency in Parpl-null embryos compared
with control NT embryos, indicating that PARPI is
involved in the rebuilding of chromatin structure after NT
by sustaining DNA repair. Moreover, most Parpl-null
embryos ceased development at the four-cell stage, similar
to our results indicating a significant reduction during the
development of NT embryos from the four-cell stage to
the morula stage when Parpl expression was knocked
down to 40% by RNAI (Table 1).

RNAi-mediated knockdown of Parp1 affects
embryonic development-related genes

In the present study, reducing Parpl expression
did not rescue the expression of genes that are important
for embryonic development. Our data showed that Sox/7
was rapidly reduced following siRNA-mediated knock
down of Parpl in NT embryos, whereas no difference
with the PARP1 control was noted in Fertilized embryos
(Supplementary Tables 2, 3, 4). SOX17 is first detected
in a “salt-and-pepper” distribution within the inner cell
mass (ICM) and is subsequently restricted to the nascent
primitive endoderm (PE) epithelium [26-28]. SOX17 is
coexpressed in cells with PE markers, consistent with an
involvement in PE specification. Expression of SOX17 can
reinforce PE identity in wave 2-generated cells. SOX17
inactivation in implantation-delayed blastocysts results
in disruption of the organization of the PE and premature
parietal endoderm differentiation. Premature detachment
and migration of nascent parietal endoderm cells over
the TE layer are observed [29]. In our study, Sox/7 levels
were reduced in NT-Parp1si embryos during development,
potentially explaining why knockdown of Parp! did not
significantly improve NT embryonic development.

Furthermore, we evaluated total mRNA in single
embryos and identified several DEGs among the three
types of embryos. We also discovered genes that presented
alterations in NT embryos, including genes that were
rescued in PARP1si compared with IVF embryos. Most of
these genes were X-linked genes, such as Magea3, Magea6,
Msn and Rhox6. RHOXG6 is regulated by the histone
demethylase KDMO6A [30]. KDMO6A is an H3K27me3-

specific histone demethylase that participates in Xi and
has the opposite effect of the H3K27me3-specific histone
methylase EZH2/EED. Most NT embryos fail to develop to
term due to undefined reprogramming defects. H3K9me3
in the donor-cell genome is a major barrier to efficient
reprogramming by NT. KDM4D removes H3K9me3 from
the donor-cell genome and facilitates reprogramming.
Matoba S et al. indicated that ectopic expression of the
histone H3 lysine 9 trimethylation (H3K9me3) demethylase
KDMA4D greatly improves NT efficiency [1]. Both KDM6A
and KDM4D belong to the KDM family; these proteins
remove the methyl groups from H3. The inactivated X
chromosome harbours both H3K27me3 and H3K9me3
marks; therefore, we hypothesize that overexpression of
KDMO6A might improve NT efficiency.

In the present study, we amplified RNA to rebuild
the cDNA of single blastocysts. Through investigating
gene expression in individual blastocysts, we hypothesized
that we would identify more DEGs, but this was not
proven to be the case. We used cDNA amplified from
single blastocysts, where even a small change in a single
blastocyst would be expected to be amplified into a
thousand-fold change. Specific expression should be
controlled under a limiting threshold or it will interfere
with the formation of an accurate conclusion. To ensure
stable and credible data, the number of samples should be
increased in future studies.

In the present study, we used PARP1 as a factor to
interfere with Xi because of the role that PARP1 plays
in heterochromatin formation [7]. Our results showed
that Xi was partially reversed in NT embryos after RNAi-
mediated knock down of Parpl, but development was
not improved. These findings indicate that PARP1 might
be involved in Xi, but not through the Xist signalling
pathway. Based on the significant improvement in NT
efficiency achieved through overexpressing KDM4D, we
believe that KDM6A up-regulation might improve NT
efficiency.

MATERIALS AND METHODS

Ethics statements

This study was carried out in strict accordance with
the regulations of the Instructive Notions with Respect to
Caring for Laboratory Animals issued by the Ministry of
Science and Technology of China. The animal experiment
protocol was approved by the Harbin Medicine University
Ethics Committees. All efforts were made to minimize
suffering of the tested animals.

Animals

B6D2F1 (C57BL/6 x DBA/2) female and male mice
were obtained at 8 to 10 weeks of age from Vital River
(Beijing, China).
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Cell culture

CCs (cumulus cells) were obtained during oocyte
collection, washed twice in HEPES-buffered CZB medium
(HEPES-CZB), resuspended in HEPES-CZB containing
3% PVP (polyvinylpyrrolidone, Sigma, PVP360 Saint
Louis, MO) and directly used as donor cells (G0/G1) for
NT. MEFs were isolated from 13.5 post-corium B6D2F1
mouse foetuses as previously reported [11]. Immature
Sertoli cells from B6D2F1 males (3—7 days old) were used
unless otherwise stated. Testes (2 per experiment) were
placed in DPBS, and the tunica albuginea was removed.
Masses of seminiferous tubules were incubated in DPBS
containing 0.1 mg/mL collagenase (Sigma, C0130, Saint
Louis, MO) for 30 min at 37°C. The tissue suspensions
were then pipetted repeatedly with a 1- to 2-mm tip-
diameter pipette to disrupt tubule fragments. The disrupted
tubules were subsequently treated with 0.2 mg/mL trypsin
(Sigma, T0303, Saint Louis, MO) for 5 min to loosen the
cell aggregates, which were predominantly composed of
Sertoli cells and germ cells. The final cell suspension for
nuclear transfer was obtained after washing with DPBS
and centrifugation. Immature Sertoli cells were identified
as the smallest testicular cells (approximately 8 mm in
diameter) [31]. MEFs were cultured in DMEM containing
10% FBS under 5% CO, in humidified air at 37°C.

QOocyte, fertilized zygotes recovery and
spermatozoa preparation

Female B6D2F1 mice were superovulated via
intraperitoneal injection of 5 IU pregnant mare serum
gonadotropin (NSH, Ningbo, China) followed by 5 IU
human chorionic gonadotropin 48 h later (NSH, Ningbo,
China). Oocytes were collected from the oviducts 14 h
after human chorionic gonadotropin injection. CCs were
removed from the oocytes with 300 pg/mL hyaluronidase
(Sigma, H4272, Saint Louis, MO) in HEPES-CZB by
pipetting. Denuded oocytes with homogeneous ooplasm
were selected and maintained in new droplets of CZB
medium containing 5.6 mM glucose (CZBG), covered with
sterile mineral oil (Sigma, M8410, Saint Louis, MO) and
subsequently cultured at 37°C in a 5% CO, atmosphere
until use. In vivo-fertilized zygotes were collected 20 h
post-human chorionic gonadotropin from the oviduct
ampullae of superovulated C57BL6 females that had been
mated with the DBA males. After removing cumulus cells
with 300 pg/mL hyaluronidase in HEPES-CZB medium,
zygotes were cultured in KSOM medium until use.
Spermatozoa were collected from the cauda epididymis
of 8- to 12-week-old B6D2F1 males, maintained in CZB-
HEPES medium and prepared for injection.

Generation of ICSI and NT embryos

ICSI was performed with a piezo-driven unit using
methods described elsewhere except that our experiment

was performed in HEPES-CZB containing 5 pg/mL
cytochalasin B (Sigma, C6762, Saint Louis, MO) at room
temperature. 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
K-modified simplex optimized medium (KSOM) at
37°Cin a 5% CO, atmosphere. To eliminate any possible
effects attributed to the NT methods from the following
investigation, we adopted a one-step micromanipulation
technique to reconstruct CC nuclear transfer (CCNT)
and Sertoli cell nuclear transfer embryos, as described
previously with modifications [32]. The outer diameter of
the injection pipettes used for CC/Sertoli cell injection was
9 um. Briefly, the donor cell membrane was disrupted with
several Piezo pulses, and 4 to 7 cells were then sucked into
the injection pipette. The oocyte MII spindle was adjusted
to 8 to 10 o’clock, and one donor cell was injected into
the nearby plasma. The spindle was immediately aspirated
into the injection pipette and removed from the oocyte.
One hour after NT, the reconstructed CCNT embryos were
activated with 5 mM SrCl, (Sigma, 439665, Saint Louis,
MO) in Ca**-free CZB containing 5 pg/mL CB for 6 h.
Then, the embryos were washed in KSOM and cultured
under the same conditions as the ICSI embryos.

Preparation of siRNAs

Synthetic siRNA  duplexes were designed
by Stealth Designer (Life Technologies, Beijing,
China), with the following sequences: Parpl,

5'-AAGCGUCGCUCUUAAAGACCAGCUG-3"  and
5'-CAGCUGGUCUUUAAGAGCGACGCUU-3'; negative
control (Invitrogen Medium GC Duplex Cat. No.12935-
3000, Carlsbad, CA). siRNA duplex mixtures were
prepared as 100 nM stock solutions and stored at —80°C
until use.

Parplsiin cells and NT embryos

For experiments in cells, Parpl siRNA was
transfected into MEF cells with RNAIMAX (Invitrogen,
Cat. No.13778075, Carlsbad, CA) for 24 h. For NT
embryos, Parpl siRNA (100 nM) was incubated with CCs
for 1 h before reconstruction.

Immunofluorescent detection of H3K27me3

Embryos were collected at 72 h post-activation
(hpa) (i.e., after sperm injection). They were subsequently
fixed in 4% (m/v) paraformaldehyde for 30 min and
permeabilized with 1% (v/v) Triton X-100 for 50 min.
After blocking with 1% (m/v) bovine serum albumin
(Sigma, A9418, Saint Louis, MO) in PBS for 1 h,
the embryos were incubated with an anti-H3K27me3
antibody (Millipore, Temecula, CA, 1:100) overnight
at 4°C, followed by incubation with Alexa Fluor 488
mouse anti-rabbit IgG (Invitrogen, Carlsbad, CA, 1:100)
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for 1 h. After the nuclei were stained with 10 pg/mL
Hoechst 33342, the embryos were mounted on slides with
DABCO (1,4-diazabicyclo-(2.2.2) octane; Beyotime,
P0126, Beijing, China) and observed with a laser-scanning
confocal microscope (Zeiss, LSM700, Jena, Germany).

Q-PCR evaluation of X chromosome-linked gene
expression

Embryos were collected at blastocyst stages. RNA
extraction and Q-PCR evaluation were performed as
previously described with some modifications [33]. Total
RNA was extracted from embryos using an RNeasy Mini
kit (Qiagen, 74104) according to the manufacturer’s
instructions. Total RNA was extracted from MEF cells
with TRIzol reagent (Invitrogen, Carlsbad, CA) according
to the manufacturer's protocol. cDNA was synthesized
from total RNA using a High-Capacity cDNA Reverse
Transcription kit (ABI, 4368814, Carlsbad, CA) in a total
volume was 20 pL (2 puL of 10xRT buffer, 0.8 puL of 25x
dNTP Mix, 1 pL of MultiScribe™ Reverse Transcriptase,
1 pL of oligo dT primer, 2 pL of 10x RT Random
Primers, 1 pug of RNA, and RNase-free dH,O up to 20
pL). Q-PCR was performed on a CFX96 Realtime System
(Bio-Rad) using a 1 pL of synthesized cDNA, 10 pL of
TransStart™ Top Green Q-PCR SuperMix (TransGen,
AQ131, Beijing, China), and gene-specific primers in a
20-pL reaction volume. The thermal cycling conditions
were initial denaturation at 95°C for 3 min and 42 cycles
comprising the following steps: 10 s at 95°C for DNA
denaturation, 10 s at 60°C for primer annealing and 30 s
at 72°C for primer extension. The melting protocol ranged
from 65°C to 95°C (increment: 0.5°C/5s). The threshold
cycle (Ct) value represents the cycle number at which the
fluorescence of the sample is significantly higher than
the background. Reactions were conducted according
to the protocol provided with the Haigene SYBR green
quantitative PCR kit. The PCR products were analysed by
generating a melting curve. The relative amount of gene
expression was analysed via the 2-ddCt method, which is a
convenient method for analysing relative changes in gene
expression in real-time quantitative PCR experiments.
The amplification specificity of each Q-PCR assay was
confirmed by performing a melting curve analysis to
verify that the primers used could amplify only one
specific PCR product. The amplification efficiencies were
calculated according to the following formula: efficiency
(%)= (3¢!slrerl)x100. The amplification efficiencies
of all the tested genes ranged from 94% to 110%, and
all correlation coefficients were >0.99. These results
demonstrated that the synthesized primer sequences
were accurate and suitable for the experiments (Table 2).
The assay included a no-template control (NTC), which
indicated background activity. All Q-PCR reactions
were biologically and technically conducted in triplicate,
and ten blastocysts from each group composed a single

replicate. The specificity of the Q-PCR reaction was
confirmed using single peaks in the melt curves. H2afz and
Cyca were employed as candidate references for embryos,
and Gapdh was used for cells.

Illumina sequencing, De Novo assembly and
functional annotation

For Illumina sequencing, total RNA was isolated
from single blastocysts. After poly(A) mRNA was purified
and fragmented into small pieces, we used random
hexamer primers and reverse transcriptase (Invitrogen,
Carlsbad, CA) to perform first-strand cDNA synthesis.
Second-strand cDNA synthesis was conducted with RNase
H (Invitrogen, Carlsbad, CA) and DNA polymerase I (New
England BioLabs, Ipswich, MA). We constructed a cDNA
library with average insert sizes of 200 to 500 bp and
conducted cDNA sequencing using the Illumina HiSeq™
2000 system according to the manufacturer’s protocols,
with a read length of 100 bp. The average proportion
of clean reads for the library was 99.73%. We screened
differentially expressed genes (DEGs) based on analysis
of the Poisson distribution [34] with an FDR<0.05. All
the sequencing and analysis work was completed by the
HuaDa Gene Company.

Experimental design and statistical analysis

Each experiment was repeated at least three times.
All the embryos were randomly allocated to each treatment
group. Blastocyst formation rate was analysed using the
y* test. More than five embryos were selected from each
group for observations of H3K27me3 using a confocal
microscope. In the Q-PCR experiments, ten blastocysts
from each group were used as a single replicate. Statistical
comparisons were analysed using one-way ANOVA. The
relative abundances of gene transcripts were established
by testing the data for normality and equal variance using
the Levene median test and ANOVA and were followed
by multiple pair wise comparisons using Tukey’s test.
Differences of P<0.05 were considered statistically
significant. The differences in mRNA expression were
analysed using SPSS 19.0.
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PARP, Poly (ADP-ribose) polymerase; Xi, X
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cells; CCNT, CC nuclear transfer.

Author contributions

Conceived and designed the experiments: LL ZL
GB. Performed the experiments: GB ZZ ZW. Analyzed

www.impactjournals.com/oncotarget

69871

Oncotarget



the data: GB JL. Contributed reagents/materials/analysis
tools: RS SS. Wrote the paper: GB LL ZL.

CONFLICTS OF INTEREST

The authors declare that there is no conflict of

interest that could be perceived as prejudicing the
impartiality of the research reported.

FUNDING

Natural

This study This study was funded by the National
Science Foundation of China(31671545,

31401265).

REFERENCES

Matoba S, Liu Y, Lu F, Iwabuchi KA, Shen L, Inoue A,
Zhang Y. Embryonic development following somatic cell
nuclear transfer impeded by persisting histone methylation.
Cell. 2014; 159: 884-95. https://doi.org/10.1016/].
cell.2014.09.055.

Suzuki T, Minami N, Kono T, Imai H. Zygotically
activated genes are suppressed in mouse nuclear transferred
embryos. Cloning Stem Cells. 2006; 8: 295-304. https://doi.
org/10.1089/c10.2006.8.295.

Inoue K, Ogonuki N, Miki H, Hirose M, Noda S, Kim JM,
Aoki F, Miyoshi H, Ogura A. Inefficient reprogramming
of the hematopoietic stem cell genome following nuclear
transfer. J Cell Sci. 2006; 119: 1985-91. https://doi.
org/10.1242/jcs.02913.

Vassena R, Han Z, Gao S, Baldwin DA, Schultz RM,
in the
transcriptome of cloned embryos during the first two
cell cycles. Dev Biol. 2007; 304: 75-89. https://doi.
org/10.1016/j.ydbio.2006.12.015.

Inoue K, Kohda T, Sugimoto M, Sado T, Ogonuki N,
Matoba S, Shiura H, Ikeda R, Mochida K, Fujii T, Sawai K,
Otte AP, Tian XC, et al. Impeding Xist expression from the
active X chromosome improves mouse somatic cell nuclear
transfer. Science. 2010; 330: 496-9. https://doi.org/10.1126/
science.1194174.

Matoba S, Inoue K, Kohda T, Sugimoto M, Mizutani E,
Ogonuki N, Nakamura T, Abe K, Nakano T, Ishino F, Ogura
A. RNAi-mediated knockdown of Xist can rescue the
impaired postimplantation development of cloned mouse
embryos. Proc Natl Acad Sci U S A. 2011; 108: 20621-6.
https://doi.org/10.1073/pnas.1112664108.

Latham KE. Tough beginnings: alterations

. Nusinow DA, Hernandez-Munoz I, Fazzio TG, Shah GM,

Kraus WL, Panning B. Poly(ADP-ribose) polymerase
1 is inhibited by a histone H2A variant, MacroH2A, and
contributes to silencing of the inactive X chromosome. J
Biol Chem. 2007; 282: 12851-9. https://doi.org/10.1074/jbc.
M610502200.

Gibson BA, Kraus WL. New insights into the molecular
and cellular functions of poly(ADP-ribose) and PARPs.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Nat Rev Mol Cell Biol. 2012; 13: 411-24. https://doi.org/
nrm3376[pii]1038/nrm3376.

Kraus WL, Hottiger MO. PARP-1 and gene regulation:
progress and puzzles. Mol Aspects Med. 2013; 34: 1109-
23.  https://doi.org/S0098-2997(13)00006-X[pii]1016/].
mam.2013.01.005.

Menissier de Murcia J, Ricoul M, Tartier L, Niedergang
C, Huber A, Dantzer F, Schreiber V, Ame JC, Dierich A,
LeMeur M, Sabatier L, Chambon P, de Murcia G. Functional
interaction between PARP-1 and PARP-2 in chromosome
stability and embryonic development in mouse. EMBO J.
2003; 22: 2255-63. https://doi.org/10.1093/emboj/cdg206.
Zheng Z, Jia JL, Bou G, Hu LL, Wang ZD, Shen XH, Shan
ZY, Shen JL, Liu ZH, Lei L. rRNA genes are not fully
activated in mouse somatic cell nuclear transfer embryos.
J Biol Chem. 2012; 287: 19949-60.

Wutz A. Gene silencing in X-chromosome inactivation:
advances in understanding facultative heterochromatin
formation. Nat Rev Genet. 2011; 12: 542-53. https://doi.
org/10.1038/nrg3035.

Timinszky G, Till S, Hassa PO, Hothorn M, Kustatscher
G, Nijmeijer B, Colombelli J, Altmeyer M, Stelzer EH,
Scheftzek K, Hottiger MO, Ladurner AG. A macrodomain-
containing histone rearranges chromatin upon sensing
PARPI activation. Nat Struct Mol Biol. 2009; 16: 923-9.
https://doi.org/nsmb.1664[pii]1038/nsmb.1664.

Osada T, Nozaki T, Masutani M. Parp1 deficiency confers
defects in chromatin surveillance and remodeling during
reprogramming by nuclear transfer. Curr Protein Pept Sci.
2016; 17: 693-704.

Dantzer F, Santoro R. The expanding role of PARPs in the
establishment and maintenance of heterochromatin. FEBS
J. 2013; 280: 3508-18. https://doi.org/10.1111/febs.12368.

Guetg C, Santoro R. Formation of nuclear heterochromatin:
the nucleolar point of view. Epigenetics. 2012; 7: 811-4.
https://doi.org/21072[pii]4161/epi.21072.

Guetg C, Lienemann P, Sirri V, Grummt I, Hernandez-
Verdun D, Hottiger MO, Fussenegger M, Santoro R. The
NoRC complex mediates the heterochromatin formation
and stability of silent rRNA genes and centromeric
repeats. EMBO J. 2010; 29: 2135-46. https://doi.org/
emboj201017[pii]1038/embo;j.2010.17.

Zeng J, Libien J, Shaik F, Wolk J, Hernandez Al. Nucleolar
PARP-1 Expression Is Decreased in Alzheimer's Disease:
Consequences for Epigenetic Regulation of rDNA and
Cognition. Neural Plast. 2016; 2016: 8987928. https://doi.
org/10.1155/2016/8987928.

Zhang LF, Huynh KD, Lee JT. Perinucleolar targeting of
the inactive X during S phase: evidence for a role in the
maintenance of silencing. Cell. 2007; 129: 693-706. https://
doi.org/10.1016/j.cell.2007.03.036.

Mayer C, Schmitz KM, Li J, Grummt I, Santoro R.
Intergenic transcripts regulate the epigenetic state of rRNA
genes. Mol Cell. 2006; 22: 351-61. https://doi.org/S1097-
2765(06)00193-6[pii]1016/j.molcel.2006.03.028.

WWw

.impactjournals.com/oncotarget

69872

Oncotarget



21.

22.

23.

24.

25.

26.

27.

Santoro R, Schmitz KM, Sandoval J, Grummt I. Intergenic
transcripts originating from a subclass of ribosomal DNA
repeats silence ribosomal RNA genes in trans. EMBO Rep.
2010; 11: 52-8. https://doi.org/embor2009254[pii]1038/
embor.2009.254.

Santoro R, Li J, Grummt I. The nucleolar remodeling
complex NoRC mediates heterochromatin formation and
silencing of ribosomal gene transcription. Nat Genet. 2002;
32:393-6. https://doi.org/10.1038/ng1010 ng1010[pii].

Guetg C, Scheifele F, Rosenthal F, Hottiger MO, Santoro
R. Inheritance of silent rDNA chromatin is mediated by
PARP1 via noncoding RNA. Mol Cell. 2012; 45: 790-
800. https://doi.org/S1097-2765(12)00112-8[pii]1016/;.
molcel.2012.01.024.

Brockdorff N, Turner BM. Dosage compensation in
mammals. Cold Spring Harb Perspect Biol. 2015; 7:
a019406. https://doi.org/10.1101/cshperspect.a019406.

Oikawa M, Matoba S, Inoue K, Kamimura S, Hirose M,
Ogonuki N, Shiura H, Sugimoto M, Abe K, Ishino F, Ogura
A. RNAi-mediated knockdown of Xist does not rescue the
impaired development of female cloned mouse embryos. J
Reprod Dev. 2013; 59: 231-7.

Morris SA, Teo RT, Li H, Robson P, Glover DM, Zernicka-
Goetz M. Origin and formation of the first two distinct cell
types of the inner cell mass in the mouse embryo. Proc Natl
Acad Sci U S A. 2010; 107: 6364-9. https://doi.org/10.1073/
pnas.0915063107.

Tanaka Y, Hayashi M, Kubota Y, Nagai H, Sheng G,
Nishikawa S, Samokhvalov IM. Early ontogenic origin
of the hematopoietic stem cell lineage. Proc Natl Acad

28.

29.

30.

31.

32.

33.

34.

Sci U S A. 2012; 109: 4515-20. https://doi.org/10.1073/
pnas.1115828109.

Kim I, Saunders TL, Morrison SJ. Sox17 dependence
distinguishes the transcriptional regulation of fetal from
adult hematopoietic stem cells. Cell. 2007; 130: 470-83.
https://doi.org/10.1016/j.cell.2007.06.011.

Artus J, Piliszek A, Hadjantonakis AK. The primitive
endoderm lineage of the mouse blastocyst: sequential
transcription factor activation and regulation of
differentiation by Sox17. Dev Biol. 2011; 350: 393-404.
https://doi.org/10.1016/j.ydbio.2010.12.007.

Berletch JB, Deng X, Nguyen DK, Disteche CM. Female
bias in Rhox6 and 9 regulation by the histone demethylase
KDMG6A. PLoS Genet. 2013; 9: ¢1003489. https://doi.
org/10.1371/journal.pgen.1003489.

Ogura A, Inoue K, Ogonuki N, Noguchi A, Takano K,
Nagano R, Suzuki O, Lee J, Ishino F, Matsuda J. Production
of male cloned mice from fresh, cultured, and cryopreserved
immature Sertoli cells. Biol Reprod. 2000; 62: 1579-84.

Zhou Q, Renard JP, Le Friec G, Brochard V, Beaujean N,
Cherifi Y, Fraichard A, Cozzi J. Generation of fertile cloned
rats by regulating oocyte activation. Science. 2003; 302:
1179. https://doi.org/10.1126/science.1088313.

Suzuki T, Minami N, Kono T, Imai H. Comparison of the
RNA polymerase I-, II- and I1I-dependent transcript levels
between nuclear transfer and in vitro fertilized embryos at
the blastocyst stage. J Reprod Dev. 2007; 53: 663-71.

Audic S, Claverie JM. The significance of digital gene
expression profiles. Genome Res. 1997; 7: 986-95.

www.impactjournals.com/oncotarget

69873

Oncotarget



