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Correct reprogramming of epigenetic marks in the donor nuclei is crucial for successful cloning by nuclear transfer. Specific epi-
genetic modifications, such as repressive histone lysine methylation marks, are known to be very stable and difficult to repro-
gram. The discovery of histone lysine demethylases has opened up opportunities to study the effects of removing repressive his-
tone lysine methylation marks in donor cells prior to nuclear transfer. In this study, we generated mouse embryonic stem (ES)
cells for the inducible expression of JMJD2B (also known as KDM4B), a demethylase that primarily removes the histone-3
lysine-9 trimethylation (H3K9me3) mark. Induction of jmjd2b in the ES cells decreased total levels of H3K9me3 by 63%. When
these cells were used for nuclear transfer, H3K9me3 levels were normalized within minutes following fusion with an enucleated
oocyte. This transient reduction of H3K9me3 levels improved in vitro development into cloned embryos by 30%.

Despite sharing the same genetic information, cell types within
an individual are morphologically and functionally diverse.

Diversity arises from a complex set of epigenetic modifications,
such as DNA methylation and histone modifications, that control
cell-specific gene expression profiles and determine the cellular
phenotype. Correct setting of these modifications is critical during
embryonic development (1–6). Reprogramming of epigenetic
marks occurs first during gametogenesis and later during fertiliza-
tion and subsequent embryonic differentiation (3, 5). Repro-
gramming during gametogenesis involves extensive demethyla-
tion and sex-specific remethylation at imprinted loci of
primordial germ cells and gametes (3). Following fertilization,
reprogramming of epigenetic marks is essential for resolving the
early parental asymmetry in histone modifications, DNA methyl-
ation, and chromatin proteins to allow correct embryonic gene
activation (7–9). Nuclear transfer (NT) cloning is almost a rever-
sal of this process. It requires that the genome of a single differen-
tiated cell with all its epigenetic modifications, which, unlike the
gametes, are not formatted to initiate development, be repro-
grammed from a restricted cell lineage-appropriate gene expres-
sion profile to a totipotent state (2, 4). Live cloned offspring have
been produced from a range of mammalian species, demonstrat-
ing that somatic donor nuclei can be reprogrammed back to the
embryonic state (10, 11). However, the efficiency of this process
remains low, and various molecular, cellular, and developmental
abnormalities have been detected in clones. Incorrect reprogram-
ming of the epigenetic donor cell marks has been proposed to be
the main cause of this low efficiency (1, 2, 4, 6).

To facilitate nuclear reprogramming, epigenetic modifications
in donor cells have been modified by treating them with pharma-
cological histone deacetylase and DNA methyltransferase inhibi-
tors (12–15). These agents increase global histone acetylation and
reduce DNA methylation, respectively, resulting in a more open,
transcriptionally permissive chromatin that generally reprograms
better. Histone lysine methylation marks play a key role in con-
trolling gene expression profiles and directing cell lineage specifi-
cation. Some of these marks can persist through multiple cell di-
visions (16–18). In particular, lysine methylation marks
associated with gene repression are thought to be responsible for
restricting the reprogrammability of the genome (19–22). The dis-

covery of enzymes that remove histone methylation (23) allows
more targeted approaches to investigate the role of these epige-
netic modifications during NT-induced reprogramming. The his-
tone lysine demethylase JMJD2B, which demethylates the tri-
methyl modification of H3K9 (24), is such an enzyme. It provides
a molecular tool to manipulate and investigate the role of the
thermodynamically very stable histone-3 lysine-9 trimethylation
(H3K9me3) modification previously shown to resist reprogram-
ming following NT and potentially limiting the efficiency of nu-
clear reprogramming (22). Overexpression of a truncated, yet
fully active form of the JMJD2B demethylase in NIH 3T3 cells was
shown to result in a decline in H3K9me3 levels (24). Due to their
nonreprogrammable karyotypic abnormalities and mutations,
NIH 3T3 cells do not support development of NT embryos be-
yond the 2-cell stage (F. Oback, unpublished observation). Hence,
we generated embryonic stem (ES) cells engineered for the induc-
ible expression of the truncated form of JMJD2B. We demonstrate
that reduced H3K9me3 levels in induced donor cells are quickly
restored after fusion with an enucleated oocyte. Nevertheless, such
ES cell donors reprogrammed into cloned embryos significantly
better. These results confirm that repressive H3K9me3 marks are
implicated in restricting cloning efficiency and thus validate this
novel experimental strategy to examine mechanistic aspects of
nuclear reprogramming.

MATERIALS AND METHODS
Vector construction. To generate the jmjd2b-egfp Flp recombinase-me-
diated DNA insertion (Flp-In) vectors for functional and mutant jmjd2b,
plasmids pI-jmjd2b-T2-GFP and pI-jmjd2b-T2-H189A-GFP (24), which
contain the 1- to 424-amino-acid truncated functional or H189A mutated
inactive jmjd2b fused to the enhanced green fluorescent protein (EGFP)
gene, were digested with HindIII, and the overhangs were filled in with the
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Klenow fragment to isolate a 2-kb fragment encoding the respective
jmjd2b-egfp fusion constructs. The EGFP Flp-In vector (pBS31-EGFP),
kindly provided by C. Beard (25), was digested with EcoRI to excise the
EGFP marker gene. The resulting Flp-In vector fragment was blunted,
dephosphorylated, and then ligated to the jmjd2b-egfp fragments. The
newly generated Flp-In vectors for functional (F) and mutant (M) jmjd2b-
egfp were validated by restriction enzyme digestion and sequencing anal-
ysis.

Cell culture. Parental KH2 ES cells (25) (obtained from Open Biosys-
tems) and all ES cell lines derived from KH2 cells were cultured in Dul-
becco’s modified Eagle’s medium–nutrient mixture F-12 (DMEM–F12;
Life Technologies) containing 20% fetal bovine serum (Life Technolo-
gies), 100 �M �-mercaptoethanol (Sigma), 1� minimal essential me-
dium nonessential amino acids (Life Technologies), 2,000 U/ml of human
leukemia inhibitory factor (GenScript), and 0.4 �M PD0325901 (Stem-
gent) on 0.1% gelatin-coated dishes or were seeded onto dishes contain-
ing mitomycin C (Sigma)-inactivated STO fibroblast feeders.

Generation of ES cells for the inducible expression of jmjd2b-egfp.
KH2 ES cells (approximately 5 million cells) were transfected by Nucleo-
fection using a mouse ES Nucleofection kit according to the manufactur-
er’s guidelines (Amaxa AG). The jmjd2b-egfp Flp-In expression plasmids
(5 �g) were each cotransfected into KH2 cells with different amounts of
FLPo (26) expression plasmid pPGKFLPobpA, obtained from Addgene
(plasmid 13793), at plasmid ratios of 3:1, 1:1, and 1:3. To isolate cell clones
with correct Flp-In based on the restoration of a nonfunctional hygromy-
cin selection marker at the homing site, cells were selected with 140 �g/ml
hygromycin B (Life Technologies) at 48 h after transfection. Resulting
hygromycin-resistant clones were picked approximately 10 days later and
expanded in hygromycin-free ES cell medium. Picked clones were ana-
lyzed for correct targeting by PCR using standard conditions. Successful
Flp-In of jmjd2b-egfp was detected with primer pair P2/P3, and primers P1
and P2 were used to identify the original nonrecombined Col1A1 locus.
The possible integration of the FLPo recombinase was tested using primer
pair P4/P5. Primer sequences are shown in Table 1.

Induction of transgene expression. ES cells were cultured on 0.1%
gelatin-coated dishes in the presence of 1 �g/ml doxycycline (Sigma) for 48 h.
The induced cells were then trypsinized, resuspended in phosphate-buffered
saline (PBS), and analyzed for EGFP fluorescence on a FACScalibur appara-
tus (Becton and Dickinson). To assess the switch off of jmjd2b-egfp expres-
sion, induced ES cells were reseeded in medium without doxycycline and
analyzed for EGFP fluorescence after 24 h of culture.

RNA and cDNA isolation. For total RNA extraction, jmjd2b-egfp ES
cells were seeded onto gelatin-coated 6-well plates without feeders and
cultured for 48 h in the presence or absence of 1 �g/ml of doxycycline for
48 h. For each treatment, total RNA equivalent to cells of one 6-well plate
was isolated using a Qiagen RNeasy minikit. cDNA was synthesized from
2 �g of total RNA using SuperScript III first-strand synthesis SuperMix
(Life Technologies), precipitated, and resuspended in 100 �l of RNase-
free water.

qRT-PCR. Endogenous and transgene-derived jmjd2b expression lev-
els were determined by quantitative reverse transcriptase PCR (qRT-
PCR) using the Syber Premix ExTaq (TaKaRa). Transgene-derived jmjd2b
was amplified using primers P6 and P7, while primers P8 and P9 were used
to amplify the endogenous demethylase. All primer sequences are shown
in Table 1, and target sequences were amplified with a Corbett Rotorgene
6000 system with the following cycling conditions: 3 min of denaturation
and 40 cycles of 10 s at 95°C and 25 s at 60°C. Each PCR was first validated
for its efficiency with external standard curves from serial 5-log dilutions
for each gene in duplicate. For transcript quantification, either 1 �l or 0.5
�l of cDNA synthesized using the SuperScript III first-strand synthesis
SuperMix was used. The comparative quantification in the Rotorgene
software was used to determine the amplification efficiency of each reac-
tion (29). Transcript levels of endogenous and transgene-derived jmjd2b
were determined relative to the geometric mean of the four housekeeping
genes for glyceraldehyde-3-phosphate dehydrogenase (GAPDH), �-actin
(ACTB), hypoxanthine-guanine phosphoribosyltransferase (HPRT), and
glucuronidase beta (GUSB) while normalizing for amplification efficiency
(a) and the expression level of the gene of interest (goi), which is equal
to �agoi�CTgoi� ⁄ ��aGAPDH�CTGAPDH � aACTB�CTACTB � aHPRT�CTHPRT �
aGUSB�CTGUSB]1⁄4), where CT is the threshold cycle (30). For both primer
combinations P6/P7 and P8/P9, differences in amplicon sizes (190 bp and
189 bp, respectively), the G�C contents of the amplicons (57.4% and
56.6%, respectively), and the amplification efficiencies for the reactions
(range, 1.74 to 1.8) were within the compulsory limits for calculating
relative levels and accounted for by the equation.

Immunostaining. ES cells were seeded onto sterilized gelatin-coated
(0.1%) coverslips without feeders and cultured in the presence or absence
of 1 �g/ml of doxycycline for 48 h. Cells were then fixed and permeabil-
ized simultaneously in 4% (wt/vol) paraformaldehyde–1% (wt/vol) Tri-
ton X-100 in PBS, blocked with 2.5% (wt/vol) bovine serum albumin in
PBS, all at room temperature, and incubated overnight at 4°C with the
primary antibody specific for H3K9me1 (rabbit polyclonal, 1:1,000),
H3K9me2 (rabbit polyclonal, 1:1,000), H3K9me3 (rabbit polyclonal,
1:1,000), H3K27me3 (rabbit polyclonal, 1:1,000), and GFP (1:1,000; cat-
alog no. A11120; Life Technologies). The histone methylation antibodies
have been previously described and validated in detail (31). Following
binding of the primary antibody, cells were washed in PBS– 0.05% Tween
20 and incubated for 1 h at room temperature with 5 �g/ml of Hoechst
33342 (to visualize DNA) and the respective secondary antibodies: Alexa
Fluor 568 – goat anti-rabbit antibody (1:1,000; catalog no. A11011; Life
Technologies) and Alexa Fluor 488 – donkey anti-mouse antibody (1:
1,000; catalog no. A21202; Life Technologies). After another washing step,
cells were mounted with Dako fluorescent mounting medium (catalog no.
S3023; Dako) onto glass slides, and immunostained cells were visualized
on an AX-70 Olympus fluorescence microscope. Images were taken and
processed using a Spot RT-KE slider charge-coupled-device camera and
associated software (Diagnostics Instruments Inc.). A similar protocol for
immunofluorescence staining was carried out on NT reconstructs, with
the difference being that these were first fixed in 4% paraformaldehyde
(30 min at 4°C) and then permeabilized in 0.1% Triton X-100 (5 min at
room temperature) before blocking and immunostaining. Quantification
of global H3K9me3 levels in NT reconstructs was conducted in ImageJ
software and normalized on the nuclear area. For each reconstruct, the
region of interest (ROI) around the nucleus (marked D [donor nucleus]
or PN [pronucleus] in Fig. 7) was outlined. The mean background inten-
sity, measured at a random location within the cytoplast (marked C in

TABLE 1 Primer sequences

Primer Sequence

P1 CTCCCTTTAGGGTTCCGATT
P2 AGCAATCGCGCATATGAAAT
P3 GTTTTCCCAGTCACGACGTT
P4 CACCATCATCCCTTACAACG
P5 TTCAGCAGCTGGTACTCCTG
P6 AGAAGACACCGGGACCGATC
P7 TGAATTCATCCATGGTGGGG
P8 AGAAGCCTTCCTGTTCTCAG
P9 TGTACTGACTGGCTGTAGGG
GAPDH f TGCACCACCAACTGCTTAG
GAPDH r GATGCAGGGATGATGTTC
�-actin f CAGAAGGACTCCTATGTGGG
�-actin r TTGGCCTTAGGGTTCAGGG
HPRT fa GAAATGTCAGTTGCTGCGTC
HPRT ra GCCAACACTGCTGAAACATG
GusB fb ATAAGACGCATCAGAAGCCG
GusB rb ACTCCTCACTGAACATGCGA
a From reference 27.
b From reference 28.
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Fig. 7), was subtracted from the mean ROI intensity. This background-
corrected mean intensity was then divided by the area to determine nor-
malized pixel intensity.

Western blot detection of modified histones. Histones were ex-
tracted using an EpiQuik total histone extraction kit (catalog no. OP-
0006-100; Epigentek) according to the manufacturer’s guidelines. For in-
duced cell populations, histones were extracted from cells verified by flow
cytometry for greater than 80% induction. Histone extracts (10 to 15 �g
per lane) were separated on a 15% SDS-polyacrylamide gel and trans-
ferred onto a nitrocellulose membrane, and relevant methylated histones
were detected with 1:3,000 or 1:6,000 dilutions of the primary antibodies
specified above. Following incubation with a secondary goat anti-rabbit
antibody conjugated with horseradish peroxidase (1:5,000 or 1:10,000;
catalog no. G21234; Life Technologies), the modified histones were visu-
alized with enhanced chemiluminescence. Signal intensity was normal-
ized for the histone H4 signal (Ponceau S stain) and quantified using
Quantity One software (Bio-Rad Laboratories Inc.).

Nuclear transfer. Zona-free NT was carried out according to a mod-
ified protocol based on the method described by Ribas et al. (32). Donor
jmjd2b ES cells were cultured in the presence or absence of doxycycline for
48 h. On the day of NT, cells were treated with 1.65 �M nocodazole for 2
to 3 h to arrest them at metaphase, following which they were shaken off
the plate. Metaphase II-arrested oocytes were collected from 10- to 12-
week-old B6C3 (C3H � C57BL/6) female mice 14 to 17 h after human
chorionic gonadotropin stimulation, and the cumulus cells were dis-
persed with bovine testicular hyaluronidase. The zona pellucida was re-
moved with Tyrode’s acidic solution, pH 2.5, with 1% polyvinylpyrroli-
done and zona-free oocytes enucleated under differential interference
contrast. Metaphase-arrested ES cell donors were attached to enucleated
oocytes using 10 �g/ml lectin (L-9017; Sigma). Couplets were automati-
cally aligned and fused in a parallel plate chamber in 0.2 mM mannitol
fusion buffer (33). Progression of fusion was observed under a stereomi-
croscope and scored according to donor cell morphology: from round
donor cell (not fused) to progressively flattening donor cell (fusing) and
absence of donor cell (fused). Until fusion had occurred, which was ob-
served under the stereomicroscope, all solutions contained nocodazole to
keep the donors arrested in metaphase. At at least 1 h postfusion, NT
reconstructs were activated with 10 mM SrCl2 in Ca-free M16 medium
(M7292; Sigma-Aldrich). After 6 h, polar body extrusion was scored and
all reconstructs with one polar body were cultured in M16 medium drops
at 37.5°C under 5% CO2 in air for 4 days. Embryo development was
measured as the number of compacted morulae or blastocysts relative to
the number of NT reconstructs placed into culture. On day 4, compacted
morulae and blastocysts were either fixed for immunofluorescence or
transferred into the oviduct of day 0.5 pseudopregnant females as previ-
ously described (34).

Statistical analysis. Values for all quantitative expression analyses are
provided as the averages of several replicates � standard errors of the
means (SEMs). Significance of differences for Western analysis was deter-
mined via two-tailed paired t tests on log expressions. For the quantifica-
tion of fluorescent signals of immunostained NT reconstructs, signifi-
cance was determined by two-tailed paired t tests, and for qRT-PCR
results, significance was determined by two-tailed unpaired t tests. For
comparisons of Flp-In efficiencies and in vitro and in vivo development of
reconstructs derived from induced and noninduced jmjd2b ES cells, the
significance of differences was determined using the two-tailed Fisher
exact test for independence in 2-by-2 tables.

RESULTS
Generation of jmjd2b-inducible ES cells. The acceptor cell line
KH2 (25) has been designed for efficient site-specific integration
of transgenes and was used for the generation of ES cells that can
be induced to express the histone demethylase JMJD2B. KH2 ES
cells carry an expression cassette for the M2 reverse tetracycline
transactivator (M2-rtTA) at the Rosa26 locus and an Flp recom-

bination target (FRT) homing site at the collagen type 1 alpha 1
(Col1a1) locus for insertion of a gene of interest that can be in-
duced according to the Tet-On system (Clontech Laboratories).
For the targeted insertion, we generated Flp-In vectors for two
previously characterized jmjd2b-egfp fusion constructs (24). The
first construct consisted of a truncated (amino acids 1 to 424) but
fully functional JMJD2B (F-JMJD2B) that mainly contains the
catalytic domains fused to EGFP. The second construct is trun-
cated JMJD2B containing an H189A point mutation (M-
JMJD2B) that abrogates all enzymatic activity. Following cotrans-
fection of Flp-In and FLPo recombinase constructs, cells with
targeted insertions can be identified by hygromycin selection (25).
Of the isolated resistant cell clones, only 50 to 78% could be fur-
ther expanded, and all displayed the morphological phenotype of
the parental KH2 ES cells (data not shown).

To confirm correct Flp-In, cell clones were screened via PCR
with primers detecting the presence of the original locus and re-
combined locus (Fig. 1). The genotyping results for all isolated ES
cell clones that could be sufficiently expanded are summarized in
Table 2. Across all treatments, between 40 and 100% of hygromy-
cin-resistant cell clones had undergone Flp recombination and
contained the jmjd2b-egfp fusion construct at the Col1al locus.
The use of a 3-fold excess of FLPo over the Flp-In vector compared
to a 3-fold excess of the Flp-In vector over FLPo resulted in signif-
icantly increased Flp-In efficiency (85% and 100% versus 40%;
P � 0.019 and P � 0.0001, respectively). In spite of the stringent
selection, some background hygromycin-resistant clones that
were negative for jmjd2b Flp-In (6 to 60% across the different
groups) and clones which were negative for both the original and
jmjd2b Flp-In (0 to 9% across the different groups) were also
obtained. In addition, hygromycin-resistant clones were screened
by PCR for potential nontargeted integration of the FLPo con-
struct, which was detected in a small number of hygromycin-re-
sistant clones (0 to 18%). For subsequent analyses, we selected one
F-jmjd2b cell clone and one M-jmjd2b ES cell clone that contained
the correct Flp-In jmjd2b-egfp and no random FLPo insertions
and showed in vitro growth rates typical of mouse ES cells.

Doxycycline-induced expression of jmjd2b-egfp. Selected F-
and M-jmjd2b ES cell clones were cultured in the presence of

FIG 1 Schematic representation of the parental and modified Col1A1 locus
jmjd2b-egfp Flp-In. The parental locus consists of a neomycin resistance gene
flanked by FRT sites (triangles) and a promoterless hygromycin resistance
gene that lacks an ATG start codon [Hygro (no ATG)]. Correct FLPo-medi-
ated insertion of the jmjd2b vector replaces the neomycin cassette with the
TetO-controlled jmjd2b-egfp gene and converts the nonfunctional Hygro (no
ATG) into a functional selection cassette (Hygro) by providing a phosphoglyc-
erate kinase promoter and ATG (PGK-ATG). Binding sites of primers (ar-
rows) used for the characterization of ES clones with correct Flp-In (primers
P1 to P3) and transgene-specific qRT-PCR (primers P6 and P7) and the result-
ing amplicon sizes are indicated.
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doxycycline to induce expression of the jmjd2b-egfp transgene.
Due to the fusion with EGFP, cells expressing JMJD2B could be
readily monitored and were analyzed by flow cytometry. Repre-
sentative flow cytometry profiles of noninduced and induced cells
are shown in Fig. 2. In the presence of doxycycline, up to 94%
(average � SEM, 86% � 2%; n � 19) and 88% (average � SEM,
81% � 2%; n � 12) of F-jmjd2b and M-jmjd2b cells, respectively,
displayed EGFP fluorescence, indicative of JMJD2B-EGFP expres-
sion and the doxycycline-dependent inducibility of both cell
clones. We also examined the kinetics for switching off JMJD2B-
EGFP expression and reanalyzed induced cells for green fluores-
cence 24 h after removal of doxycycline. This showed that the
formerly induced cells had returned to a profile that was indistin-
guishable from that of noninduced cells, confirming the complete
switch off of jmjd2b-egfp transgene expression.

In addition, levels of transgene-derived jmjd2b expression were
determined by qRT-PCR with the transgene-specific primer pair
P6/P7 (Fig. 1). Expression levels relative to the geometric mean of
four housekeeping genes were significantly higher for induced
F-jmjd2b cells than M-jmjd2b cells (1.58 � 0.11 and 1.06 � 0.07,
respectively; P � 0.015) (Fig. 3A), essentially reflecting the differ-

ence in induction rates. Compared to noninduced control cells,
this corresponds to 1,230- and 558-fold increases in expression of
F-jmjd2b and M-jmjd2b, respectively. We next measured the ex-
pression of the endogenous jmjd2b gene to determine how it com-
pares to the induced expression of the transgene-derived jmjd2b.
Using a primer pair (P8 and P9) specific for an endogenous jmjd2b
sequence that is deleted in the truncated transgene version, relative
expression levels of the endogenous gene were determined in com-
parison to the geometric mean of the same four housekeeping genes.
Expression levels of the endogenous gene were 0.037 � 0.002 and
0.043 � 0.001 in noninduced F- and M-jmjd2b cells, respectively.
Under inducing conditions, the endogenous jmjd2b transcript levels
remained unchanged (0.037 � 0.002 for F-jmjd2b and 0.033 � 0.001
for induced M-jmjd2b cells) and were not affected by the overexpres-
sion of the respective jmjd2b transgene (Fig. 3B). Thus, relative to the
natural expression levels of the endogenous jmjd2b gene, transgene
expression levels are more than an order of magnitude greater, result-
ing in substantially increased total jmjd2b expression in induced F-
and M-jmjd2b ES cells.

Induction of F-JMJD2B reduces H3K9me3 in ES cells. We
then evaluated the enzymatic activity of transgene-encoded

TABLE 2 Results for generation of jmjd2b Flp-In ES cell clones

FLPo construct
and plasmid
ratio

No. of ES
clones
picked

No. of
expandable
ES clones

No. (%) of clones:

Flp-In
efficiencyb

Positive for
jmjd2b
Flp-Ina

Positive for
parental
locusa

Negative for jmjd2b
and parental
locusa

Positive for jmjd2b
and parental
locusa

FLPo
insertiona

Correctly
targeted, no
FLPo insertionc

F-jmjd2b
3:1 42 33 28 (85)d 2 (6) 3 (9) 0 6 (18) 23 (82) 85
1:1 34 22 18 (82)e 2 (9) 2 (9) 0 2 (9) 17 (94) 82
1:3 19 10 4 (40) 6 (60) 0 0 0 4 (100) 40

M-jmjd2b: 3:1 46 35 35 (100)f 2 (6) 0 2 (6) 4 (11) 31 (89) 100
a Percentages indicate the proportions of expandable cell clones with the specified genotype.
b Proportion of expandable cell clones with a targeted insertion of jmjd2b.
c Percentages indicate the proportions of cell clones with the targeted jmjd2b insertion that are not compromised by a random insertion of the FLPo construct.
d P � 0.019 compared with F-jmjd2b at the 1:3 plasmid ratio determined by the Fisher 2-by-2 test.
e P � 0.054 compared with F-jmjd2b at the 1:3 plasmid ratio determined by the Fisher 2-by-2 test.
f P � 0.0001 compared with F-jmjd2b at the 1:3 plasmid ratio determined by the Fisher 2-by-2 test.

FIG 2 Flow cytometry analyses of jmjd2b-egfp induction. Green fluorescence generated by F-jmjd2b (A) and M-jmjd2b (B) ES cells was determined using the FL1
emission channel. The range of intensities for green fluorescent cells (M1) is indicated. The relative cell numbers are plotted as a function of variable intensities
of green fluorescence from individual cells. Gray filled graph, noninduced cells; solid-line graph, induced cells; dotted-line graph, induced cells 24 h after removal
of doxycycline.
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JMJD2B. Using qualitative immunofluorescence, we determined
the methylation status of H3K9 in induced and noninduced F-
and M-jmjd2b ES cells using antibodies specific for each of the
three different methyl modifications H3K9me1, H3K9me2, and
H3K9me3. In contrast to noninduced cells, induced cells express-
ing F-JMJD2B were green fluorescent, which correlated with
markedly reduced H3K9me3 levels (Fig. 4). The observed change
in methylation upon induction of F-JMJD2B was specific for
H3K9me3, as F-JMJD2B expression had no apparent effect on
H3K9me2 and H3K9me1. Cells expressing M-JMJD2B showed no
effect on any of the methylated states of H3K9. To quantify the
reduction in H3K9me3 levels, we performed Western analyses of
bulk histone extracts prepared from induced and noninduced F-
and M-jmjd2b ES cells (Fig. 5A). Consistent with the immunoflu-
orescence results, signal quantification of the immunoblots
showed a selective and significant decrease of H3K9me3 levels of
approximately 63% � 2.4% (n � 3 repeats; P � 0.01) in induced
F-jmjd2b ES cells compared to noninduced F-jmjd2b cells and
induced or noninduced M-jmjd2b cells (Fig. 5B). Furthermore,
the Western blotting quantification indicated a 28% � 9.5% in-
crease in H3K9me1 levels upon induction of F-jmjd2b, which was
close to reaching significance (n � 3 repeats; P � 0.07) and not
observed in induced M-jmjd2b cells. H3K9me2 levels remained

unchanged upon induction of F- or M-jmjd2b. In addition, the
two lines of ES cells were also analyzed for the unrelated, repres-
sive trimethyl modification of H3K27. Immunofluorescence with
H3K27me3-specific antibodies did not detect any significant
changes in this mark with either induced F-jmjd2b ES cells or
induced M-jmjd2b ES cells (Fig. 6).

Reduced H3K9me3 levels are rapidly restored after nuclear
transfer. Next we examined how the reduced H3K9me3 levels
from the induced F-jmjd2b donor cells change after NT and sub-
sequent in vitro embryo development under noninducing condi-
tions. NT reconstructs generated from induced and noninduced
F-jmjd2b ES cells were fixed at various time points after NT and

FIG 3 jmjd2b expression levels. Shown are the relative expression levels of
transgene-derived jmjd2b (A) and endogenous jmjd2b (B) compared to the
geometric mean of four housekeeping genes. Results for induced (I) and non-
induced (NI) F-jmjd2b and M-jmjd2b ES cells are averages of 3 to 6 replicates,
with error bars depicting the SEMs.

FIG 4 Immunofluorescence analysis of histone modifications in induced (I)
and noninduced (NI) F- and M-jmjd2b ES cells. Cells were costained for DNA
and with antibodies specific for EGFP and the indicated histone modification.
The arrowheads indicate an induced cell next to two noninduced cells, high-
lighting the specific reduction of H3K9me3 in induced cells.

FIG 5 JMJD2B-dependent changes in levels of H3K9 methylation states. His-
tone extracts from induced (I) and noninduced (NI) F- and M-jmjd2b cells
were quantified for the indicated histone modifications by Western analysis.
(A) Representative immunoblots for the indicated H3K9 methylation mark.
For each modification, the top panel (W) is the immunoblot and the bottom
panel (P) is the respective Ponceau S-stained blot. The H4 band that was used
for normalization is indicated in the Ponceau S-stained blot. (B) Results rep-
resent H3K9 methylation levels in induced cells as a percentage of the levels in
noninduced cells. F, F-jmjd2b cells; M, M-jmjd2b cells; error bars, SEMs deter-
mined from 3 repeats; asterisks, significant changes (**, P � 0.01; *, P � 0.074,
determined by two-tailed paired t test on log expressions).
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analyzed by immunofluorescence for the presence of H3K9me3
marks (Fig. 7 and 8). After electrofusion, incorporation of donor
cell nuclei into the enucleated oocyte (cytoplast) was monitored
under a stereomicroscope. Following the attachment of induced
F-jmjd2b donor cells to cytoplasts, just prior to NT, the donor cells
still showed substantially reduced H3K9me3 levels (51% of non-
induced H3K9me3; P � 0.05) compared to noninduced donor
cells (induced, n � 11; noninduced, n � 12) (Fig. 7A and 8, cou-
plets). However, within 10 min after fusion of the donor cells and
entry into the oocyte cytoplasm, the initial difference in H3K9me3
signal between induced and noninduced groups (induced, n � 13;
noninduced, n � 14) had disappeared (Fig. 7B and 8, postfusion

10 min). At the same time, the EGFP signal that previously marked
the induced donor cell was no longer visible in the reconstruct.
This status remained unchanged 1 h after fusion (induced, n � 9;
noninduced, n � 8) (Fig. 7C and 8, postfusion 1 h), with no
difference in the H3K9me3 signal being detected between induced
and noninduced embryos. Similar results were obtained with NT
reconstructs at 2, 4, and 6 h postfusion (data not shown). At 8 h
postfusion, both the newly formed pronucleus and the extruded
polar body displayed similar H3K9me3 intensities in NT recon-
structs derived from induced versus noninduced donor cells (in-
duced, n � 9; noninduced, n � 8) (Fig. 7D and 8, postfusion 8 h).
In addition, some NT embryos were analyzed at the 2-cell, 4-cell,
and blastocyst stages. No significant differences were detected be-
tween the H3K9me3 signals from the induced and noninduced
treatment groups at any of those developmental stages (data not
shown). These results suggest that the initial reduction in
H3K9me3 levels in induced donor cells is restored within minutes
after NT.

Reduced H3K9me3 levels improve in vitro development of
cloned embryos. To evaluate whether ES cells with reduced
H3K9me3 levels would improve donor cell reprogrammability
into cloned embryos, we determined the in vitro development of
NT reconstructs into blastocysts. NT was performed under non-
inducing conditions using either induced or noninduced
F-jmjd2b ES cells. Prior to each NT run, cells were validated for
induction of F- or M-jmjd2b by monitoring EGFP fluorescence.
The average induction rate � SEM for F-jmjd2b was 80% � 0.04%
(range, 60 to 94%; n � 9). For M-jmjd2b, the average induction
rate � SEM was very similar at 77% � 4% (range, 71 to 85%, n �
3). Despite the rapid restoration of H3K9me3 levels following NT
(Fig. 7 and 8), the initial donor chromatin modification signifi-

FIG 6 Analysis of H3K27me3 in jmjd2b ES cells. H3K27me3 levels in induced
(I) and noninduced (NI) F- and M-jmjd2b ES cells were analyzed by immu-
nofluorescence (A) and Western blot quantification (B). For the detection by
immunofluorescence, cells were costained for DNA and antibodies specific for
EGFP and H3K27me3. For the Western blot quantification, shown are the
representative immunoblot (W) and the Ponceau S-stained blot (P). The H4
band that was used for normalization is indicated in the Ponceau S-stained
blot. The quantification of induced H3K27me3 levels by Western analysis is
presented as a percentage of the levels for noninduced cells. Error bars, SEMs
determined from 2 repeats.

FIG 7 H3K9me3 in NT reconstructs generated from induced and noninduced
F-jmjd2b ES cells. NT reconstructs were fixed and costained for DNA
(H33342) and antibodies specific for EGFP and H3K9me3 prior to fusion of
the donor cells with enucleated oocytes (A), 10 min after fusion with the oocyte
(B), 1 h after fusion (C), and 8 h after fusion (D). Incorporation of the donor
cells into the enucleated oocyte cytoplasm was monitored under a microscope.
DNA images are merged images of phase-contrast and H33342-stained im-
ages. C, cytoplast; D, donor nucleus; PN, pronucleus; PB, polar body.

FIG 8 Quantification of H3K9me3 in NT reconstructs generated from in-
duced and noninduced F-jmjd2b ES cells. Shown is the normalized pixel in-
tensity for noninduced (NI) and induced (I) F-jmjd2b ES donor cells attached
to enucleated oocytes (or cytoplast marked C in Fig. 7) prior to fusion (cou-
plets; noninduced, n � 12; induced, n � 11) and NT reconstructs 10 min
(noninduced, n � 14; induced, n � 13), 1 h (noninduced, n � 8; induced, n �
9), and 8 h (noninduced, n � 8; induced, n � 9) after fusion of the donor nuclei
(marked D in Fig. 7) and cytoplast. Note that due to differences in the exposure
times for different developmental reconstruct stages, only values of induced
versus noninduced of the same reconstruct stage are directly comparable. Er-
ror bars depict SEMs. RU, relative units; *, significant (P � 0.05) difference
determined by two-tailed paired t test.
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cantly improved the in vitro development of NT reconstructs (Ta-
ble 3). Reconstructs generated with induced F-jmjd2b donor cells
developed into 38% more blastocysts (induced versus nonin-
duced, 33% versus 24%; P � 0.041) and showed a 30% higher
overall development (induced versus noninduced, 48% versus
37%; P � 0.018) than NT reconstructs derived from noninduced
F-jmjd2b ES cells. In contrast, no significant differences of in vitro
development were detected in control experiments using induced
and noninduced M-jmjd2b donor cells.

In vivo development of NT embryos generated with jmjd2b
ES cells. To assess the in vivo developmental potential of cloned
embryos generated from induced F-jmjd2b ES cells compared to
that of embryos derived from noninduced cells, some embryos
were transferred into pseudopregnant females. For most transfers,
pregnancies were established and maintained until day 10.5 of
gestation, and fetuses recovered on that day appeared to be nor-
mal and fully developed (data not shown). However, surgical re-
trieval of the uterus on day 13.5 revealed only implantation sites,
suggesting that cloned fetuses failed between days 10.5 and 13.5
and were reabsorbed. No significant differences in the number of
implantation sites were noted between induced and noninduced
jmjd2b ES donor cells (Table 4).

DISCUSSION

Histone lysine methylation marks play a key role in controlling
gene expression profiles and directing cell lineage specification.
Some of these marks are quite stable and can persist through mul-
tiple cell divisions (16–18). In particular, the presence of lysine
methylation marks that are associated with gene repression is
widely seen to be responsible for restricting the reprogramming
potential of the genome (19–22). H3K9me3 is one of the well-
studied repressive lysine methylation marks and is implicated in
maintaining silencing at heterochromatic regions, imprinting re-
lated gene repression and cell-specific identity (12, 35–41). Its role

in consolidating stable repression of these regions suggests that
H3K9me3 marks are potential candidates involved in obstructing
the reprogramming of the genome following NT into a pluripo-
tent ground state.

Development of ES cells for the conditional overexpression of
the H3K9me3-specific histone demethylase JMJD2B in this study
provided a new tool to directly assess the effect of the stable, re-
pressive H3K9me3 mark on nuclear reprogramming. However,
strong overexpression of the transgene-encoded JMJD2B could
not achieve complete removal of H3K9me3 but resulted in a rel-
atively modest, 63% decline of H3K9me3 levels. Similar results
were observed in analogous experiments using fibroblasts, where
the overexpression of JMJD2B resulted in a reduction of
H3K9me3 levels of between 57 and 78% (24).

In addition to the expected JMJD2B-mediated decrease of
H3K9me3 levels, our Western blotting quantifications indicated
that this may be correlated with a concurrent increase in
H3K9me1 by approximately 28%. While this small increase in
H3K9me1 did not reach significance in our study, it is consistent
with a previous report showing that a JMJD2B-mediated decrease
in H3K9me3 in mouse fibroblasts was associated with a 50% in-
crease in H3K9me1 (24). Based on this finding, the authors had
proposed that JMJD2B-mediated demethylation may convert
H3K9me3 into H3K9me1. Deletion of the H3K9-specific Suv39h
histone methylases generated a similar phenotype characterized
by an increase in H3K9me1 and a decrease in H3K9me3 (40, 41),
providing further support for the conversion of the repressive
H3K9me3 mark into the activating H3K9me1 modifications.
Apart from the repressive H3K9me3 mark, JMJD2B has been
shown to also demethylate H3K36me2, a mark mainly associated
with transcriptional activation (24). However, its demethylase ac-
tivity for H3K36me2 is much weaker than that for its main target,
H3K9me3, effecting a decrease in overall levels of H3K36me2 by
only 10% (24).

The reduced H3K9me3 levels first established in induced do-
nor cells did not persist in reconstructed embryos and were rap-
idly, within minutes of NT, restored to levels indistinguishable
from those for noninduced controls. Thus, the onset of repro-
gramming must start immediately with the introduction of the
nucleus into the cytoplasm of the enucleated oocyte. The prompt
restoration of H3K9me3 marks indicates the presence of a fully
active chromatin remodeling machinery in the reconstructs. In-
deed, proteome analysis has revealed that metaphase-arrested
oocytes are loaded with histone-modifying factors and enzymes,
including H3K9me3-specific methyltransferases (42). That this
reprogramming machinery is also fast acting is evident from the

TABLE 3 In vitro development of NT reconstructs

Cell line
No. of independent
NT expts

No. of NT
reconstructsa

No. (% � SEM)

Morulae Blastocysts Total developmentb

F-jmjd2b, noninduced 12 240 31 (13 � 4) 58 (24 � 6) 89 (37 � 7)
F-jmjd2b, induced 12 223 34 (15 � 4) 74 (33 � 5)c 108 (48 � 5)d

M-jmjd2b, noninduced 3 76 11 (14 � 4) 36 (47 � 11) 47 (62 � 15)
M-jmjd2b, induced 3 76 7 (9 � 0.4) 37 (49 � 17) 44 (58 � 17)
a All data relate to reconstructs that extruded a single polar body and that were cultured in vitro until day 4.
b Morulae and blastocysts.
c P � 0.041 compared with noninduced F-jmjd2b cells determined by the Fisher 2-by-2 test.
d P � 0.018 compared with noninduced F-jmjd2b cells determined by the Fisher 2-by-2 test.

TABLE 4 In vivo development of NT embryos generated from jmjd2b-
egfp ES cells

Cell line
No. of
transfers

No. of
embryos
transferred

No. (%) of embryos that
resulted in:

Implantation
sites

Offspring
at term

F-jmjd2b, noninduced 3 28 13 (46) 0 (0)
F-jmjd2b, induced 6 54 15 (28) 0 (0)
M-jmjd2b, noninduced 2 23 11 (48) 0 (0)
M-jmjd2b, induced 2 27 11 (41) 0 (0)
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reprogramming during normal fertilization. The sperm chroma-
tin, which is complexed with protamines and lacks histones, rap-
idly acquires acetylated histones immediately upon entry into the
oocyte cytoplasm (43). An elegant study by Liu et al. more specif-
ically demonstrated that the cytoplasm of metaphase-arrested
oocytes contains strong histone methyltransferase activity causing
the rapid change of the histone methylation profile, similar to
what we have observed (44). When unmethylated male mouse
pronuclei were transplanted into enucleated metaphase-arrested
II oocytes, intense H3K9 methylation of the male pronuclei was
already established at the earliest time point examined (after 3 h).
The rapid change in methylation status that we observed in our
study would suggest that the normalization of H3K9me3 levels is
most likely the result of remethylation of H3K9 sites, which can
occur faster than the alternative incorporation of new, already
methylated histones.

Concomitant with the normalization of H3K9me3, there was a
complete loss of JMJD2B-EGFP signal in the reconstructs. A sim-
ilar rapid loss of the immunosignal of donor nuclei-associated
chromatin factors after NT has previously been shown to be
caused by their rapid dissociation from the condensing donor
chromatin and dilution in the oocyte cytoplasm (45).

In spite of the rapid restoration of H3K9me3, the reduced
H3K9me3 levels in induced donor cells did have a significant ef-
fect on the in vitro development of NT reconstructs. Compared to
NT with noninduced controls, development to blastocysts im-
proved by 38% and overall development (blastocysts and moru-
lae) increased by 30%. While we have focused our study on
H3K9me3, the truncated JMJD2B has minor demethylase activity
for H3K36me2 (24). Therefore, it is conceivable that our approach
may have introduced changes in H3K36me2 levels that are more
persistent and partly responsible for the enhanced reprogram-
ming.

NT is a single-cell reprogramming assay, and with an induction
of only 80% of the donor cells, we may underestimate the im-
provements by 20%. Even taking this into account, the observed
improvement in the development of NT embryos was relatively
modest. This suggests that a greater reduction or total removal of
H3K9me3 might be required to more substantially increase repro-
gramming efficiencies. In addition, our approach targeted only a
subset of specific histone modifications. All other repressive his-
tone modifications and DNA methylation were not manipulated
and are likely to present additional impediments for nuclear re-
programming, as shown by several other studies. The use of ES
donor cells containing a functional disruption of the histone
methyltransferase G9a, an enzyme with specificity for mono- and
dimethylation of H3K9 (46) and implicated in DNA methylation
by recruiting DNA methyltransferases, was correlated with
slightly improved nuclear reprogramming into cloned blastocysts
(47). In a different reprogramming assay based on ES cell fusion-
mediated reprogramming of somatic nuclei, similar positive ef-
fects were achieved with the knockdown of G9a or the overexpres-
sion of the H3K9-specific histone demethylase JHDM2A (48).
Moreover, beneficial effects on reprogramming have not only
been described for the modification of repressive epigenetic
marks. Overexpression of the histone demethylases JHDM1A and
JHDM1B to reduce the level of H3K36me2, a mark that is corre-
lated with transcriptional activity and also reduced by the trun-
cated JMJD2B (24), resulted in an increased efficiency for the re-

programming of somatic cells into induced pluripotent stem cells
(49).

It is intriguing that the very short-lived change in H3K9me3
levels can result in improved reprogramming. This finding sug-
gests that early reprogramming events may affect key develop-
mental genes with the potential to trigger a cascading effect result-
ing in downstream consequences after the initial difference in
H3K9me3 has already disappeared. Indeed, rapid reprogramming
events following natural fertilization and erasure of preexisting
marks in donor nuclei within minutes after NT due to the disso-
ciation of chromatin-associated factors provide evidence for a
very rapid onset of epigenetic reprogramming (44, 45). The tran-
sient knockdown of Xist, the gene responsible for X chromosome
inactivation, in cloned mouse embryos exemplifies how a short-
lived effect can generate long-lasting consequences. Following in-
jection of Xist small interfering RNA into cloned embryos, Xist
expression was decreased compared to that of controls in moru-
lae-stage embryos but returned to normal levels at the blastocyst
stage only 24 h later. However, this short-term repression of Xist
expression resulted in reactivation of a number of X-linked genes
in cloned blastocysts and greatly improved survival of cloned em-
bryos to term (17).

Considering the implication of H3K9me3 in the regulation
of embryonic, imprinted, and heterochromatin-associated
genes, the enhanced reprogramming due to a very transient
decrease in overall H3K9me3 levels could be the result of ini-
tially facilitating the reprogramming of these regions. Subse-
quent consolidation of the changes and amplification through
associated enhanced gene activities may then be responsible for
attaining an enduring effect.

While we were able to generate cloned blastocysts with jmjd2b-
egfp ES cells, we failed to produce any live cloned mice. Although
the proportion of implantation sites obtained was lower following
transfer of induced F-jmjd2b cells, these results were not signifi-
cant. Hence, we cannot conclude that induction of jmjd2b in do-
nor cells improved in vivo development of cloned embryos to
term. Furthermore, ES cells are known to accumulate epigenetic
abnormalities with prolonged culture (4, 50), which was necessary
to introduce the targeted insertions of the jmjd2b transgenes.
Thus, the jmjd2b ES cells that we used might have been compro-
mised and no longer had the potential to support the development
of live offspring. Considering the substantial technical difficulties
of cloning mice, achieved by only a very small number of groups,
our lack of success may also be attributable to these inherent tech-
nical difficulties (11, 51).

In summary, we provide evidence that repressive H3K9me3
marks are implicated in restricting genome reprogrammability by
demonstrating improved in vitro reprogramming into cloned em-
bryos following the targeted reduction of H3K9me marks in do-
nor ES cells prior to NT. Considering that NIH 3T3 fibroblasts
were previously shown to allow an almost complete removal of
H3K9me3, it appears that the very distinctive characteristics of ES
cells (52, 53) may have limited our ability to more substantially
reduce H3K9me3 and improve nuclear reprogramming. This
would suggest that the approach of a JMJD2B-mediated chroma-
tin therapy may have a greater impact on enhancing the potential
for successful nuclear reprogramming when applied in combina-
tion with somatic cells.
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