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ABSTRACT

Reprogramming by nuclear transfer (NT) cloning forces cells
to lose their lineage-specific epigenetic marks and reacquire
totipotency. This process often produces molecular anomalies
that compromise clone development. We hypothesized that
quiescence alters the epigenetic status of somatic NT donor cells
and elevates their reprogrammability. To test this idea, we
compared chromatin composition and cloning efficiency of
serum-starved quiescent (G

0
) fibroblasts versus nonstarved

mitotically selected (G
1
) controls. We show that G

0
chromatin

contains reduced levels of Polycomb group proteins EED,
SUZ12, PHC1, and RING2, as well as histone variant H2A.Z.
Using quantitative confocal immunofluorescence microscopy
and fluorometric enzyme-linked immunosorbent assay, we
further show that G

0
induced DNA and histone hypomethyla-

tion, specifically at H3K4me3, H3K9me2/3 and H3K27me3, but
not H3K9me1. Collectively, these changes resulted in a more
relaxed G

0
chromatin state. Following NT, G

0
donors developed

into blastocysts that retained H3K9me3 hypomethylation, both
in the inner cell mass and trophectoderm. G

0
blastocysts from

different cell types and cell lines developed significantly better
into adult offspring. In conclusion, serum starvation induced
epigenetic changes, specifically hypotrimethylation, that pro-
vide a mechanistic correlate for increased somatic cell
reprogrammability.

cell cycle, epigenetics, histone modifications, nuclear transfer,
reprogramming

INTRODUCTION

During differentiation, somatic genomes acquire highly
specialized epigenetic modifications of DNA and DNA-
binding proteins [1]. These modifications regulate access to
the genetic information, resulting in loss of cell plasticity and
stable lineage restrictions. Consequently, differentiated cells

rarely switch cell fates or produce daughter cells that do so.
Radical manipulations, such as cloning by somatic cell nuclear
transfer (SCNT), force cells to lose their lineage-specific
epigenetic marks and become totipotent again [2]. During
nuclear transfer (NT), a donor nucleus is transplanted into an
enucleated oocyte (cytoplast) where its epigenetic marks are
cleared by ill-defined reprogramming factors. When this
process is incomplete, it leads to aberrant methylation patterns
of DNA [3, 4] and histones [5], dysregulation of gene
expression [6], and compromised development of the cloned
embryo [7]. Development after SCNT can thus serve as a
functional bioassay for genomewide epigenetic reprogram-
ming.

The role of specific epigenetic marks as barriers to restoring
totipotency remains poorly understood. One aspect that has
been particularly controversial is the link between donor cell
division and epigenetic reprogramming. The most common
somatic donors are diploid fibroblasts in the G

1
or G

0
cell cycle

phase. G
1

is the intermediate stage between M- and S-phase in
dividing cells. G

1
cells may be obtained by various arrest/

release-methods based on imposing reversible metabolic blocks
or by mitotic shake-off [8]. By contrast, quiescent (G

0
) cells

neither grow nor proliferate [9]. This state is commonly
initiated by mitogen depletion (e.g., serum starvation) and
characterized by specific transcriptional [10, 11] and metabolic
[12] changes.

The first adult mammalian SCNT clone, Dolly the sheep,
was derived from a serum-starved mammary gland cell [13].
Originally, it had been claimed that using G

0
cells was a major

factor contributing to cloning success [13]. This was supported
by in vitro mouse NT studies using naturally quiescent donors
[14]. However, cloned offspring have also been produced from
mitotically selected [15, 16] or proliferating cells [17–19],
contradicting earlier claims about the beneficial effect of G

0
.

Thus, it is unclear which cell cycle stage is more amenable to
epigenetic reprogramming.

We hypothesized that serum starvation alters the epigenetic
constraints imposed on the genome during differentiation and
elevates their reprogrammability. In order to test this idea, we
compared chromatin composition of isogenic G

0
versus G

1
donor cells and cloned embryos derived thereof. We focused
on 1) Polycomb group (PcG) proteins, 2) posttranslational
histone modifications, specifically methylation and acetylation
of lysines, and 3) DNA methylation. PcG proteins form
multimeric Polycomb repressive complexes (PRCs) that
recognize silent target genes and stably lock the surrounding
chromatin in a repressed state [20]. The more variable PRC1,
made up of core components PHC and RING, maintains
transcriptional repression [21]. PRC2, including EED, SUZ12,
RBBP4/7, and histone methyltransferase (HMT) EZH1/2,
initiates gene silencing through trimethylating (me3) histone
(H) 3 at lysine (K) 27 (H3K27me3) [22]. Specific histone
methylation sites are either associated with open chromatin and
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transcriptional activation (e.g., H3K4) or with condensed
chromatin and transcriptional repression (e.g., H3K9 and
H3K27) [23]. Deacetylation of histone tails correlates with
chromatin compaction and suppressed transcription while
hyperacetylation loosens the nucleosomal core structure,
facilitating RNA polymerase II (Pol II) binding and gene
expression [24]. Together with a range of other posttransla-
tional histone marks, these modifications dynamically modu-
late chromatin structure and function, contributing to changes
in gene expression [25, 26].

Here we show that serum starvation globally reduces PcG
proteins, histone, and DNA methylation in bovine fibroblasts.
Specifically, H3K9me3 hypomethylation persisted in NT-
derived embryos and correlated with their increased survival
into cloned cattle. These results establish low H3K9me3 as a
molecular correlate linking cellular quiescence and improved
epigenetic reprogrammability into totipotency.

MATERIALS AND METHODS

Animal Studies

All animal studies were undertaken in compliance with New Zealand laws
and were approved by the Ruakura Animal Ethics Committee.

Nuclear Donor Cells

Four adult ear skin fibroblast (LJ801, 3XTC, Ageþ, Age�) and one ovarian
follicular (J1) cell line were used as donors for NT (Supplemental Table S1;
Supplemental Data are available online at www.biolreprod.org). Cells were
isolated and synchronized as described previously [27]. Briefly, G

0
cells were

obtained by culture in medium containing 0.5% fetal calf serum (FCS) for 5
days and harvested by trypsinization. Mechanically synchronized G

1
control

cells were generated by seeding 104 cells/cm2, culture for 20 h, washing once
with PBS, and culturing for another 2 h before mitotic shake-off by gentle
tapping. For NT or immunofluorescence (IF), manually selected cell doublets
were replated and allowed to complete cytokinesis for 2–3 h before fusion or
fixation, respectively. For enzyme-linked immunosorbent assay (ELISA),
single mitotic cells and doublets were replated and harvested within 2–3 h after
mitotic shake-off.

Cell Proliferation Assays

Cells were seeded at 2.5 3 104 cells/cm2 and then either left in 10% FCS
culture medium or changed to 0.5% FCS medium 17–20 h later. At daily
intervals, nonstarved and starved cells were trypsinized and counted in a
hemocytometer until they reached the plateau phase. Following mitotic
selection, DNA replication was assessed using a 5-Bromo-2-deoxyuridine
(BrdU) Cell Proliferation Kit I (Roche Diagnostics) or a click-iT 5-ethynyl-20-
deoxyuridine (EdU) assay (Life Technologies) and counted in at least 10
random fields of view. Cells stained without BrdU/EdU labeling served as a
negative control. Real-time changes in cell number, viability, and morphology
were quantified using a noninvasive RTCA-SP xCELLigence system (Roche),
displaying changes in substrate occupancy as cell index (CI) values. Cells were
seeded onto 96-well E-Plates, and CI readings were taken every 1 h. After 6
days in culture, cells were restimulated with 10% FCS. Curves were normalized
on the respective CI values 30 min after serum withdrawal.

Quantitative IF

For each comparison, G
0

versus G
1

LJ801 cells were passaged, processed,
and analyzed in parallel. G

0
and G

1
cells were plated on coverslips, coated with

1:2 ratio of 2.5% collagen and 0.1% gelatin, and allowed to settle for 2–3 h.
Cells and embryos were treated with 3.6% (w/v) paraformaldehyde/1% (w/w)
Triton X-100 in PBS for 10 min, blocked with 2.5% (w/v) bovine serum
albumin in PBS, and incubated overnight at 48C–88C with primary antibodies
(Supplemental Table S2). The next day, cells were washed in PBS and
incubated for 1 h at room temperature with Alexa Fluor 488 or 568 donkey
anti-goat, -mouse, -rabbit, or -sheep secondary immunoglobulin G antibodies
(Life Technologies). DNA was counterstained with 5 lg/ml Hoechst 33342
(Sigma). Preparations were washed in PBS and water before mounting (DAKO,
Med-Bio Ltd.). For 5-methylcytosine (5mC), IF was performed as described
[28] and nuclei counterstained with a mix of 1 lg/ml 40,6-diamidino-2-

phenylindole (Sigma) and Hoechst 33342. Negative controls were processed
the same way except that the primary antibodies were replaced with blocking
buffer. Wide-field epifluorescence (Olympus BX50), images were captured
with a digital camera (Spot RT-KE slider) and processed using Spot software
(v4.6). For quantitation, confocal images were acquired with all microscope
and laser settings kept constant between technical replicates. Pixel intensity of
single confocal frames from randomly selected nuclei was quantified (Olympus
FluoView FV1000 with FV10-ASW 1.4 software) and normalized on DNA
signal (Hoechst 33342) or area (for 5mC staining). First, one random
cytoplasmic area was background-subtracted from each image. The nucleus
was marked as the region of interest, and series analysis was performed to
compute the area and average intensity of the entire stack. Within each stack,
the frame of highest average pixel intensity for the antibody channel was
selected and divided by the corresponding Hoechst 33342 pixel intensity. As a
control, all pixel intensity data were also normalized on nuclear area. This
changed the absolute values but not the significance of the results (data not
shown). For inner cell mass (ICM) and trophectoderm (TE) quantification of
LJ801-derived NT and in vitro fertilized (IVF) blastocysts, nuclei on the inside
and outside of the blastocyst, respectively, were randomly selected from the
DNA channel. DNA was counterstained with Hoechst 33342. Each image
represents a single representative frame from a complete confocal z-series. To
assess chromatin condensation, random line selection was used to pass through
the region of interest in the H33342 channel. Intensity profiles were plotted as
the moving average of 100 pixels.

ELISA

Histones were extracted using an EpiQuik total histone extraction kit. The
amount of histone methylation was quantified with EpiQuik Global Histone
Methylation Assay Kits (Epigentek) for H3K4me3, H3K9me1, H3K9me2,
H3K9me3, and H3K27me3 on a BioTek Synergy 2 Microplate Reader by
comparing to a kit standard according to the manufacturer’s guidelines.

Generation of NT Embryos and Calves

For IF analysis and embryo transfer (ET), zona-free NT [29] and zona-
intact NT [27], respectively, were performed as described. Briefly, in vitro
matured (IVM) nonactivated metaphase II (MII)-arrested oocytes were derived
from ovaries of slaughtered mature cows [29]. After IVM for 18–20 h, the
cumulus-corona was dispersed by vortexing in bovine testicular hyaluronidase.
Oocytes with a first polar body were chosen for enucleation. At 23–25 h after
the start of IVM, couplets were automatically aligned and electrically fused at
2.0 kV/cm. Reconstructed SCNT embryos were artificially activated 3–4 h
postfusion, using a combination of ionomycin and 6-dimethylaminopurine.
After 4 h in 6-dimethylaminopurine, reconstructs were washed three times in
hepes-buffered synthetic oviduct fluid (HSOF) and transferred into AgRe-
search-SOF culture medium droplets [27], either singularly (for zona-free NT)
or in groups of 10 (for zona-intact NT), for sequential in vitro culture. Embryo
cultures were overlaid with mineral oil and kept in a humidified modular
incubation chamber (ICN Biomedicals Inc.) gassed with 5% CO

2
, 7% O

2
, and

88% N
2
. In vitro development was assessed on Day 7 (D7) after fusion, and

morphological grade 1–2 quality embryos were nonsurgically transferred
singularly to synchronized recipient cows [29]. Fetal development was
monitored by regular ultrasonography and rectal palpation throughout
gestation.

In Vitro Fertilization

IVM oocytes from slaughterhouse ovaries of mixed breed dairy cows were
fertilized with frozen-thawed semen from a sire with proven in vitro fertility as
described [30]. For sequential in vitro culture, 10 IVF embryos were pooled in
20 ll of AgResearch-SOF as described [31], Embryos were morphologically
graded on D7 [32], and morphological grade 1–2 quality embryos were used for
gene expression analysis or quantitative IF.

Quantitative RT-PCR

Single grade 1–2 blastocysts were lysed in TRIzol (Thermo Fisher
Scientific) and cDNA synthesized as described [33]. Reverse transcriptase was
omitted in one sample each time a batch was processed for cDNA synthesis.
Primers were designed using NCBI/ Primer-BLAST (Supplemental Table S3)
and synthesized by Integrated DNA Technologies. For quantitative RT-PCR, a
LightCycler 2.0 (Roche) was used. All reactions were performed with the
LightCycler FastStart DNA MasterPLUS SYBR Green I Kit. The ready-to-use
Hot Start reaction mix consisted of 0.4 ll of each primer (10 lM), 2.0 ll master
mix, 6.2 ll diethylpyrocarbonate-treated water, and 1.0 ll cDNA template. The
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following four-segment program was used: 1) denaturation (10 min at 958C); 2)
amplification and quantification (20 sec at 958C, 20 sec at 608C, followed by 20
sec at 728C with a single fluorescent measurement, repeated 45 times); 3)
melting curve (958C, then cooling to 658C for 20 sec, heating at 0.28C sec�1 to
958C while continuously measuring fluorescence); and 4) cooling to 48C.
Product identity was confirmed by gel electrophoresis and melting curve
analysis. For relative quantification, external standard curves were generated
from five serial 10-fold dilutions for each gene in duplicate. One high-
efficiency curve (3.6 � slope � 3.1, R2 . 0.99) was saved for each target gene
and imported for relative quantification compared to 18S RNA as described
[33].

Statistical Analysis

Antigen data were analyzed using one-way ANOVA with equal variance.
Error bars represent either mean 6 SEM or least significant difference (LSD) at
5%. If the LSD bar does not intersect two data midpoints, then the difference
between them is P , 0.05. For comparing NT versus IVF embryos by
quantitative IF, standard errors of the ratios (SER) were calculated as SER (x/y)

¼ (x/y)*
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðCVðxÞ ^ 2þ CVðyÞ ^ 2

p
.) with CV ¼ coefficient of variation ¼

SEM/mean. The quantitative RT-PCR data were analyzed by two-tailed t-tests.
Development data were analyzed using the two-tailed Fisher exact test for
independence in 2 3 2 tables. Significance was accepted as P , 0.05. Unless
stated otherwise, ‘‘N’’ denotes the number of samples analyzed; ‘‘n’’ denotes
the number of replicate experiments.

RESULTS

G
0

Versus G
1

Donors

We first characterized the cell cycle status of serum-starved
donors. Six days after subculture, nonstarved fibroblasts and
follicular cells plateaued at saturation density, while starved
cells significantly reduced proliferation at much lower density,
indicating that this was not due to physical crowding in the dish
(Supplemental Fig. S1A). Serum starvation significantly
reduced the proportion of cells incorporating BrdU in S-phase
compared to culture medium with 10% FCS (Supplemental
Fig. S1, B and C). Reversibility of the quiescent state was
characterized for fibroblasts using noninvasive real-time kinetic
cell profiling. Serum-deprivation prevented cell proliferation
compared to control cells. Following addition of 10% FCS
after 5 days of starvation, cells reentered a typical growth
curve, similar to nonstarved populations (Supplemental Fig.
S1D). The proportion of S-phase fibroblasts did not increase
even when the cells were starved for up to 10 days in the
continuous presence of BrdU label (Supplemental Fig. S1E).
Next, manually selected mitotic control cells were character-
ized to ascertain that they were in G

1
phase. None of the fully

cleaved fibroblasts had incorporated BrdU within 3 h of
continuous labeling after mitotic selection (Supplemental Fig.
S2A). The selected population had not entered quiescence or
died as BrdU labeling for 12 h postmitosis demonstrated almost
complete progression into S-phase. Cell numbers increased
from 3 to 12 h and 24 h postmitosis, indicating normal
progression of the cell division cycle (Supplemental Fig. S2B).
For large-scale biochemical studies all mitotic cells dislodged
by mitotic shake-off were collected because it was impractical
to manually select cell doublets. This resulted in a slightly
increased contamination with S-phase cells compared to
manual selection, while the proportion of cells that progressed
into the S-phase after 24 h remained similar (Supplemental Fig.
S2C). Thus, mitotically selected control donors were largely
captured in G

1
, that is, postmitosis and prior to S-phase.

Following this initial characterization, we compared global
chromatin status in G

0
versus G

1
control cells. By measuring

total Hoechst 33342 pixel intensity, we found that G
0

nuclei
contained the same amount of DNA as G

1
nuclei (Supplemen-

tal Fig. S3A). However, G
0

DNA was spread over a larger
volume than in G

1
nuclei, suggesting a more relaxed chromatin

configuration in G
0

(Supplemental Fig. S3B). Using increased
Hoechst 33342 pixel intensity as a proxy for increased
chromatin condensation, G

1
nuclei showed a shifted peak and

overall pixel distribution toward more intense signals (Supple-
mental Fig. S3C), indicating their more compact chromatin
state.

Chromatin Proteins in G
0

Transcriptionally repressive PcG proteins, in particular
PRC1-complex component RING2, have been directly impli-
cated in higher-order chromatin compaction [34]. We therefore
quantified the abundance of several candidate PcG proteins in
G

0
versus G

1
cells. Using confocal IF, we found that PRC2

(EED, EZH2, SUZ12) and PRC1 (PHC1, RING2) protein
levels were on average halved in G

0
nuclei, consistent with

their less compact chromatin state (Fig. 1A). For each
chromatin protein, an average 20 G

0
versus 18 G

1
nuclei were

quantified (n¼3–7 replicates), and with the exception of EZH2
(P ¼ 0.12), the reduction in PcG levels G

0
nuclei was

significant (Fig. 1B). Another chromatin protein linked to
promoting chromatin compaction is the histone variant H2A.Z
[35]. Similar to RING2, H2A.Z abundance was also about
halved in G

0
nuclei (Supplemental Fig. S4A). RNA Pol II, a

chromatin-remodeling enzyme that catalyzes the synthesis of
mRNA, was significantly less abundant in G

0
cells (Supple-

mental Fig. S4B).

Chromatin Modifications in G
0

The mammalian PRC2 complex catalyzes mono-, di-, and
trimethylation of H3K27 in mammalian cells through the
activity of the histone methyltransferases EZH2 and EZH1
[36]. Therefore, we investigated the abundance of active and
repressive posttranslational histone methylations in G

0
versus

G
1

cells using confocal IF (Fig. 2A). Comparing G
0

versus G
1

nuclei (N¼ 30 vs. 20 for G
0

vs. G
1
, respectively, n¼ 3–7), the

amount of global H3/4K-methylation, H3K4me3, H3K9me2/3,
and H3K27me3 was about halved in G

0
chromatin, similar to

the reduction in PcG proteins. Only H3K9me1 levels were
slightly, but not significantly, elevated (Fig. 2B). To validate
these results by an independent biochemical method, we
measured the relative abundance of modified histones by
fluorometric ELISA using nuclear extracts of G

0
and G

1
cells

(Fig. 2C). With the exception of H3K9me1, all other histone
methylation levels (H3K4me3, H3K9me2/3, and H3K27me3)
were significantly reduced in G

0
versus G

1
, confirming our

previous IF results. Comparing both methods, the relative G
1
/

G
0

ratios consistently showed the same trend for both IF and
ELISA, while absolute ratios were on average ;25% less with
ELISA (Fig. 2D).

In contrast to the uniform reduction in trimethylation levels,
alterations in histone acetylation were less consistent (Supple-
mental Fig. S5A). While H3K9ac was 2.7-fold reduced in G

0
versus G

1
(N ¼ 21 vs. 28 nuclei quantified, respectively), H4

acetylation was either reduced (H4K5ac, 4.2-fold, N ¼ 10 vs.
12), unchanged (H4K16ac, N ¼ 20 vs. 31) or increased
(H4K12ac, 2.2-fold, N ¼ 11 vs. 16) (Supplemental Fig. S5B).
In mammals, HDAC1 deacetylates H4K5 and initiates
transcriptional repression [37]. Despite the reduction in
H4K5ac, we did not observe an increase in HDAC1 levels
(N ¼ 8 G

0
vs. 12 G

1
nuclei) (Supplemental Fig. S5B).

Histone- and DNA-methylation are mechanistically linked.
For example, DNA methylation requires the interaction of
hemi-methylated DNA, DNA methyltransferase 1 (DNMT1),
and H3K9me2/3 [38], especially at pericentric heterochromatin
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[39]. In turn, DNA methylation is necessary for stable
perpetuation of noncentromeric H3K9me3 [40]. We found
that 5mC and H3K9me3 closely colocalized at intranuclear foci
in G

0
versus G

1
cells (Supplemental Fig. S5C). Concomitantly

with the loss of H3K9me3 in G
0
, 5mC was also about 2-fold

reduced in quiescent cells (N ¼ 18 vs. 28 for G
0

vs. G
1
,

respectively) (Supplemental Fig. S5B).

Chromatin Reprogramming in G
0

Embryos

We next sought to determine how this more relaxed
epigenetic fingerprint in G

0
donors was reprogrammed during

NT cloning. Minutes after transfer into recipient oocytes,
Hoechst-stained G

0
DNA was still in its interphase configu-

ration, while G
1

DNA had already assumed the metaphaselike
state characteristic of premature chromatin condensation (PCC)
(Supplemental Fig. S6A). This delayed chromosome conden-
sation in G

0
donors was likely due to their more relaxed initial

chromatin configuration. At this early stage after NT,
trimethylated H3K4, H3K9, and H3K27 remained reduced in
G

0
-derived embryos (Supplemental Fig. S6A), indicating that

neither remethylation of G
0

nor demethylation of G
1

histones
were immediately obvious events. We analyzed reprogram-
ming of chromatin proteins and modifications again when NT
reconstructs had developed into blastocysts with an outer
epithelial TE layer and ICM. Using confocal IF, we compared
G

0
- versus G

1
-derived blastocysts (Fig. 3A). Irrespective of the

original donor cell stage, all NT blastocysts showed globally
hypomethylated ICM compared to TE nuclei (Fig. 3B).
Importantly, only H3K9me3 remained hypomethylated in G

0
-

versus G
1
-derived whole NT blastocysts, both in the ICM and

TE (P � 0.05). H3K4me3 and H3K27me3, on the other hand,

were equally reprogrammed in blastocysts. With respect to PcG
proteins, SUZ12 remained down-regulated in the ICM of G

0
-

derived blastocysts (P , 0.005), while the initial donor
differences for RING2 were no longer detectable. For these
quantifications, an average 48 and 98 G

0
versus 36 and 72 G

1
ICM and TE nuclei, respectively, were analyzed in two to
seven replicates.

As a benchmark control for developmentally more compe-
tent embryos, we analyzed IVF blastocysts by quantitative
confocal IF for H3K4me3, H3K9me3, H3K27me3, RING2,
and SUZ12 (Supplemental Fig. S7A). SUZ12 and H3K27me3
levels were consistently lower in NT embryos, especially in G

0
ICMs and G

0
whole blastocysts (Supplemental Fig. S7B). For

H3K9me3, G
0

versus G
1

embryos were hypo- versus hyper-
methylated, respectively, but this change was not significant
compared to IVF controls (Supplemental Fig. S7B).

Epigenetic changes often affect transcription. We analyzed
candidate gene expression in G

0
/G

1
-derived blastocysts

(Supplemental Fig. S8), including pluripotency markers
(NANOG, SOX2, DPPA3, IFITM3) [41–44], as well as an
imprinted gene (SNRPN) with reduced DNA methylation in
SCNT fetuses [45] and an H3K9me3 demethylase (KDM4B)
that promotes reprogramming [46]. None of these differed
significantly between G

0
- versus G

1
-derived blastocysts (22 G

0
vs. 38 G

1
blastocysts, n ¼ 4). Transcripts for other H3K9me3

demethylases (KDM4A, KDM4C, and KDM4D) were not
reliably detected in blastocysts, using two different primer pairs
for each target (data not shown).

FIG. 1. PcG protein levels are globally reduced in G
0
. A) Confocal IF images of PRC2 (EED, EZH2, SUZ12) and PRC1 (PHC1, RING2) components

(antibody) in G
0

versus G
1

cells. DNA was counterstained with Hoechst 33342 (H33342) and the merged image shown in color, with blue: DNA and
green: antibody (merge). Each image shows a single representative frame from a complete confocal z-series. B) Quantitative confocal IF. Mean G

0
versus

G
1

values are separated by least significant difference (LSD) bars. If the LSD bar does not intersect two data midpoints, then the difference between them is
P , 0.05. Most PcG proteins were significantly reduced (P , 0.05) in G

0
versus G

1
(EED: 20 vs. 19; EZH2: 26 vs. 19; SUZ12: 22 vs. 19; PHC1: 24 vs. 18;

RING2: 18 vs. 14 nuclei quantified, respectively), circles ¼G
0
, triangles¼G

1
; RU ¼ relative units; n ¼ no. replicates.
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G
0

Reprogramming into Totipotency

Progression to certain developmental milestones can serve
as a functional readout to measure the extent of epigenetic
reprogramming after NT. For LJ801 fibroblasts, G

0
donors

developed slightly better into blastocysts than G
1

donors (198/
429¼ 46% vs. 154/396¼ 39%, respectively, P , 0.05, n¼ 9).
However, this was not observed for transferable quality
blastocysts (137/429 ¼ 32% vs. 108/396 ¼ 27%, respectively,
P¼ 0.17, n¼ 9) and also not apparent with other cell types and
lines (Supplemental Table S4), emphasizing that in vitro
blastocyst formation is a poor indicator for developmental
competence. Instead, long-term development into live animals
is the most meaningful measure of extensive donor cell
reprogrammability [47]. For male LJ801 fibroblasts, serum
starvation increased survival throughout gestation and in
particular postnatal survival into adulthood (Fig. 4A). This
trend was also observed for female 3XTC fibroblasts

(Supplemental Fig. S9). Across five different cell lines and
genotypes (Fig. 4B), G

0
embryos (N ¼ 104) survived

significantly better to pregnancy (35 days), term, weaning (3
mo), and adulthood (3 yr) than G

1
embryos (N¼ 178) (52% vs.

35% [N¼ 54 vs. 63 pregnant] with P , 0.01, 19% vs. 10% [N
¼ 20 vs. 18 born], 14% vs. 6% [N ¼ 15 vs. 10 weaned], and
10% vs. 4% [N ¼ 11 vs. 7 adult animals] with P , 0.05,
respectively). This trend was also observed for each fibroblast
cell line plotted individually and for follicular cells (Supple-
mental Fig. S9). We did not observe a difference in the
occurrence of hydroallantois, the most common complication
in bovine SCNT pregnancies in our hands. Likewise, there was
no difference in birth weights between the G

0
versus G

1
groups

(35.7 vs. 35.8 kg, respectively).

FIG. 2. Histone methylation levels are globally reduced in G
0
. A) Confocal IF images of methylated pan-H3/4K, H3K4, H3K9, and H3K27 epitopes

(antibody) in G
0

versus G
1

cells. DNA was counterstained with H33342 and the merged image shown in color, with blue: DNA and green: antibody
(merge). Each image shows a single representative frame from a complete confocal z-series. B) Quantitative confocal IF. Mean G

0
versus G

1
values are

separated by LSD bars. Most histone methylation levels were significantly reduced (P , 0.05) in G
0

versus G
1

(H3/4Kme: 21 vs. 15; H3K4me3: 40 vs. 26;
H3K9me1: 38 vs. 29; H3K9me2 18 vs. 13; H3K9me3: 46 vs. 22; H3K27me3: 28 vs. 16 nuclei quantified, respectively), circles¼G

0
, triangles¼G

1
; RU¼

relative units. C) Relative abundance of modified histones estimated by ELISA with appropriate antibodies using nuclear extracts of G
0

and G
1

cells. Mean
G

0
versus G

1
values are separated by LSD bars, circles¼G

0
, triangles¼G

1
. Most histone methylation levels are significantly reduced (P , 0.05) in G

0
versus G

1
; n¼ no. replicates. D) Comparison of G

0
/G

1
ratios between IF and ELISA.
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FIG. 3. H3K9me3 levels remain globally reduced in G
0
-derived blastocysts. A) Confocal IF images of trimethylated H3K4, H3K9, and H3K27 as well as

SUZ12 and RING2 (antibody) in G
0
- and G

1
-derived zona-free blastocysts. DNA was counterstained with H33342 and the merged image shown in color,

with blue: DNA and green: antibody (merge). Stippled circle outlines ICM. Each image shows a single representative frame from a complete confocal z-
series. B) Quantitative confocal IF of optically separated (ICM, TE) and whole (blastocyst) blastocysts. Mean G

0
versus G

1
values are separated by LSD

bars. H3K9me3 and SUZ12 are differentially reprogrammed in G
0
-derived versus G

1
-derived blastocysts; circles¼G

0
, triangles¼G

1
; RU¼ relative units;

N¼ no nuclei analyzed; n ¼ no. replicates.

FIG. 4. Survival of bovine clones from D7 into adulthood (3 yr old). Calves were cloned from either G
0

or manually selected G
1

donors. Survival data for
individual (LJ801; A) or all cell lines (Total¼ LJ801, 3XTC, Ageþ, Age�, J1; B) are shown. Day of embryo transfer (D7) is set to 100%, N¼number of zona-
intact embryos transferred; circles¼G

0
, triangles¼G

1
; *P , 0.05, **P , 0.01.
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DISCUSSION

Here we show that somatic G
0

cells globally down-regulate
chromatin-compacting proteins and histone methylation, re-
sulting in a more relaxed chromatin structure and increased
cattle cloning efficiency. This provides a long-sought molec-
ular correlate for the elevated reprogrammability of quiescent
donor cells into totipotency.

Cell cycle coordination between the nuclear donor and MII-
arrested cytoplast can increase cloning efficiency by 1)
maintaining normal chromosome ploidy in the reconstructed
NT embryo and 2) promoting epigenetic reprogramming of the
donor genome [2]. In order to exclude ploidy-related
reprogramming artifacts from G

2
/M [16] or S-phase nuclei

[16, 48], it was therefore important to ascertain that donors
were synchronized in G

0
/G

1
.

Serum starvation inhibited proliferation in all cell lines, with
only a small proportion of fibroblasts (,3%) still synthesizing
DNA. Such small refractory subpopulations were observed
before [49, 50]. The majority of cells entered a prereplicative
quiescent state that was fully reversible upon serum stimula-
tion. It has been suggested that the total cell cycle time
lengthens under serum deprivation and that most cells become
BrdU positive during an extended labeling interval [51].
However, we found ,4% of cells in S-phase, mostly
distributed in small scattered clusters of BrdU-labeled cells,
even upon starvation for 10 days. This indicates that most cells
were quiescent, rather than just cycling slowly. Based on
BrdU-labeling alone, the cell cycle stage of those cells that
remained unlabeled under serum starvation cannot be deduced.
Using dual-parameter fluorescence-activated cell sorting anal-
ysis, the majority of serum-starved bovine [50, 52] or porcine
fibroblasts [49] contained cells with a G

1
amount of DNA, with

the remainder being in G
2
/M- and S-phase. By selecting the

smallest cells in the serum-starved population, which is our NT
practice, the proportion of G

0
/G

1
cells further increased [49].

To obtain healthy populations of manually synchronized G
1

cells, we used positive mitotic selection [8]. Throughput with
this individual selection method is much lower than with
nonselection methods, such as drug-induced G

1
-arrest, but it

results in a more uniform and defined starting population. Most
cells are captured when the chromosomes have already
segregated [27], minimizing chromosomal distribution errors
(i.e., gain or loss of chromosomes) from manual handling. It is
unlikely that any cells had progressed into early S-phase
because even short BrdU/EdU incorporation periods (1 min)
are clearly detectable [53]. For ELISA, it was necessary to
perform high-throughput mitotic shake-off, slightly increasing
contamination with S-phase cells compared to manual
selection. S-phase cells contain fewer fully methylated histones
[54, 55], reducing histone methylation in nuclear G

1
cell

extracts. This may explain the decreased absolute G
1
/G

0
ratios

in the ELISA data. Nevertheless, S-phase contamination, which
would have been incompatible with blastocyst development
[16], was not enough to significantly compromise in vitro
development of G

1
donors. Taken together, both starved and

nonstarved donor populations were predominantly captured
postmitosis and prior to S-phase with a diploid amount of
DNA, minimizing ploidy-related variation.

Serum-starved fibroblasts remain transcriptionally [10, 11]
and metabolically [12] highly active. However, little is known
about the epigenetic mechanisms governing quiescence. G

0
DNA was spread over a larger nuclear volume than equal
amounts of G

1
DNA. This nuclear size difference may have

gone unnoticed before because methods to chemically
synchronize cells in G

1
do not stop the nucleus from growing

[56]. Some reports have identified differences in DNA-binding
proteins, such as histone variants [57], HMTs, and PcG
proteins that preferentially bind target promoters in G

0
rather

than in G1 cells [58], but these data seem to depend on the
method of G

0
arrest [59]. We found that most chromatin-

compacting proteins and histone modifications, both activating
and repressive, were down-regulated. In line with a more
relaxed chromatin configuration in G

0
nuclei, PRC2 compo-

nents, which catalyze H3K27 methylation in euchromatic
regions, as well as PRC1, which is recruited to H3K27me3
regions [60], were down-regulated by half. Reducing the levels
of RING2 may be particularly effective at promoting chromatin
decondensation and gene derepression [61]. Loss of H2A.Z,
which co-occupies RING2 target promoters and favors higher-
order chromatin condensation, could further aid in this process
[62]. Chromatin dynamics in NT reconstructs further support
the notion that it takes longer to condense G

0
than G

1
chromatin. When a G

0
/G

1
donor nucleus is introduced into an

MII cytoplast, cyclin B/cdk 1 complexes induce PCC.
Accordingly, we observed that minutes after NT, G

0
DNA

was still in its interphase configuration, while G
1

DNA had
already assumed the metaphaselike state characteristic of PCC.
This delayed PCC in G

0
donors may be due to their more

relaxed initial chromatin configuration.
To facilitate nuclear reprogramming, epigenetic modifica-

tions in donor cells have been modified by treating them with
various pharmacological histone deacetylase inhibitors, elicit-
ing different responses in mouse SCNT [63]. Some of these
agents induce hyperacetylated, transcriptionally permissive
chromatin and increase chromosome decondensation and
nuclear volume in SCNT embryos [64]. They can also improve
cloning efficiency to term in mouse [63] and pig [65]. While
histone acetylation was only partially reduced (H3K9ac,
H4K5ac) in G

0
, the correlation with DNA and histone

hypomethylation levels was more consistent. Low DNA and
histone methylation is correlated with the naı̈ve pluripotent
state in mouse embryonic stem cells [66–68] and also improves
cell reprogramming into pluripotency [69–71] and totipotency
[46, 72, 73]. The naı̈ve mouse epiblast has a unique epigenetic
signature, made up of high DNA hydroxylase levels [74], low
expression of DNA methyltransferases [68], and concomitant
genome-wide DNA hypomethylation [75]. A similar effect was
observed in resting mouse lymphocytes that reduced hetero-
chromatin-associated proteins, PcG components, and H3K4,
H3K9, H3K27 as well as H4K20 methylation, culminating in
improved development into cloned embryos [14]. In a different
context, overexpressing histone lysine demethylases (KDMs)
2A/B, which reduce transcriptionally activating H3K36 and
H3K4 methylation marks, increased efficiency of induced
pluripotent stem cells reprogramming [76, 77]. Particularly
H3K9 marks, which persist through multiple cell divisions [40]
pose a critical epigenetic barrier in cell reprogramming. We
previously identified H3K9me3-specific KDM4B as a potent
enhancer of NT-mediated reprogramming [46]. Kdm4b-over-
expressing donor cells reduced heterochromatic H3K9me3
levels and reprogrammed better into cloned mouse blastocysts
[46]. Similarly, overexpressing Kdm4d and depleting H3K9
methyl transferases (KMTs) in mouse SCNT embryos
markedly increased SCNT efficiency to term [73]. Reprogram-
ming into induced pluripotent stem cells is also promoted by
small interfering RNA-mediated H3K9 KMT knockdown [69,
70, 78], perhaps by restricting initial binding and expression of
pluripotency factors located in heterochromatic regions [70].
Targeting KMT1c/G9a and JHDM2A/KDM3A, which both
modify H3K9, also showed a beneficial effect on cell
reprogramming [79, 80]. Whereas cloned mouse embryos
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from Kdm4b-overexpressing donors rapidly restored H3K9me3
levels [46], G

0
-induced H3K9me3 hypomethylation in cattle

persisted as an epigenetic signature until at least the blastocyst
stage. This emphasizes species-specific differences in epige-
netic reprogramming during normal development, perhaps due
to different levels of KMT abundance or activity between
oocytes from mouse and cattle. It would be informative to
analyze placental, fetal, or newborn/adult tissues for long-term
persistence of these epigenetic changes.

Strikingly, global DNA and most histone methylation was
about halved in G

0
chromatin (range of G

1
/G

0
IF ratio: 1.6–

2.4). This could be explained by a cell cycle-related
mechanism, whereby cells that acquire nonmethylated histones
and hemi-methylated DNA during S-phase would not reinstate
these modifications upon serum starvation, despite one parental
strand providing a template to do so [54, 55]. It would allow
cells to prepare their epigenome for quiescence during a phase
of intense chromatin remodeling, enabling them to complete
their last DNA replication and mitosis before entering a
nonproliferative G

0
state with an already genomewide reduced

methylation profile. Outside S-phase, it may be more difficult
to synchronize down-regulation of such a large number of
epigenetic changes that are associated with quiescence. Such a
mechanism may not apply to H3K9me1, which is acquired
immediately after nucleosome incorporation and primes
subsequent di-and tri-methylation and acetylation, which is
much more dynamic [81]. It will be instructive to explore when
exactly G

0
cells lose and regain their epigenetic specifications

and identify which extrinsic signals trigger these events.
There are additional differences between G

0
versus G

1
cells.

For example, serum-starved cells are about 2-fold larger,
containing twice the cytoplasmic contents (e.g., mRNA,
protein, mitochondria), which could affect reprogramming
after NT. However, this volume difference is small relative to
the almost ;1000-fold dilution in the much larger cytoplast
[82], reducing effects from differential cytoplasmic carryover
between G

0
versus G

1
cells. Development into healthy adult

offspring measures complete reprogramming of epigenetic
modifications required for totipotency. This is the most time-
consuming and definitive measure of extensive donor cell
reprogramming [47]. It takes into account that cloned animals
often show higher postnatal mortality than controls [83, 84],
uncovering frailties later in their life. Serum starvation
improved epigenetic reprogrammability into live animals. This
supports previous findings, which were confounded by 1)
comparing G

0
to drug-arrested early and late G

1
cells and 2)

different activation timing [27]. By contrast, one study found
mitotically arrested G

1
cells superior to confluent cells, based

on a relatively small number of embryo transfers [17].
However, 34% of confluent cultures still incorporated BrdU
and may thus not have been quiescent [17]. A second study
compared serum-starved with roscovitine-treated granulosa
cells and also found no significant differences in live births
[85]. However, fluorescence-activated cell sorting analysis
showed no difference in the G

1
- and S-phase fraction between

serum-starved and cycling cells, indicating that cells had not
entered quiescence. On theoretical grounds, nonselective
treatments (e.g., roscovitine) where all cells in a randomly
cycling population are treated identically may not actually
synchronize cells [86].

In conclusion, serum starvation induced features of a
derestricted epigenome that correlated with long-term increased
donor cell plasticity and cloning efficiency. It will be of interest
to determine if this functional change can be evoked or
combined with more targeted approaches of epigenetic erasure.
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