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Abstract
In studies of somatic cell nuclear transfer (SCNT), the ability of factors within the oocyte to
epigenetically reprogram transferred nuclei is essential for clone embryonic development to
proceed. However, irregular patterns of X-chromosome inactivation, abnormal expression of
imprinted genes and genomic DNA hypermethylation are frequently observed in reconstructed
embryos suggesting abnormalities in this process. To better understand the epigenetic events
underlying SCNT reprogramming, we sought to determine whether the abnormal DNA
methylation levels observed in cloned embryos result from a failure of the oocyte to properly
reprogram transcription versus differential biochemical regulation of the DNA methyltransferase
family of enzymes (DNMTs) between embryonic and somatic nuclei. To address this question, we
conducted real time quantitation of Dnmt transcripts in bovine preimplantation embryos generated
though in vitro fertilization (IVF), parthenogentic activation and SCNT. By the 8-Cell stage,
transcripts encoding Dnmt1 become significantly down-regulated in cloned embryos; likely in
response to the state of genomic hypermethylation, while the de novo methyltranserases maintain
an expression pattern indistinguishable from their IVF and parthenote counterparts. Depletion of
embryonic / maternal Dnmt1 transcripts within IVF embryos using short-interfering RNAs, while
able to lower genomic DNA methylation levels, resulted in developmental arrest at the 8/16-cell
stage. In contrast, SCNT embryos derived from a stable, Dnmt1-depleted donor cell line develop
to blastocyst stage but failed to carry to term. Our results indicate an essential role for Dnmt1
during bovine preimplantation development and suggest proper transcriptional reprogramming of
this gene family in SCNT embryos.
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Introduction
Reprogramming of a somatic cell nucleus into a pluipotent or embryonic stem cell like state
provides means to develop patient specific cells to be used in transplantation therapy
(Jaenisch, 2002; Müller and Lengerke, 2009; Reik et al., 2001; Takahashi, 2010; Todd,
2009). Animals produced through somatic cell nuclear transfer (SCNT) represent the
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extreme of this reprogramming process wherein all tissues are derived from a single
reprogrammed cell (Meissner and Jaenisch, 2006). Embryos produced through nuclear
transfer display frequent developmental and metabolic abnormalities and have extremely
low survival rates (Campbell et al., 2005). Studies of SCNT frequently cite a failure of the
oocyte to properly epigenetically reprogram the donor nucleus as the sole cause of
developmental failure (Bestor, 1998; Blelloch et al., 2006; Eilertsen et al., 2007; Reik et al.,
2001). In support of this, cloned embryos exhibit a wide variety of epigenetic abnormalities
including, altered patterns of X-chromosome inactivation, imprinted gene expression as well
as unusually high levels of genomic DNA methylation, suggesting that the epigenome is not
correctly established (Bourc'his et al., 2001; Dean et al., 2001; Kang et al., 2001; Kang et al.,
2002; Santos et al., 2002; Santos et al., 2003; Xue et al., 2002). Understanding the
consequences of nuclear reprogramming on the epigenome is key to proving the safety and
stability of the cellular reprogramming process.

A family of structurally related proteins termed DNA (cytosine - 5) methyl-transferases
(DNMTs) have been identified which catalyze the production and modulate the dynamics of
mammalian patterns of global genomic DNA methylation (Bestor, 2000). DNMT1 is the
most abundantly expressed methlytransferase and is thought to be largely responsible for
maintaining methylation patterns through DNA replication; although it does exhibit de novo
methylation when over-expressed (Leonhardt et al., 1992). DNMT3a and DNMT3b are both
de novo methyltransferases, and act to transfer methyl groups to previously unmethylated
CpG dinucleotides within the genome (Okano et al., 1999; Xie et al., 1999). Collectively
these enzymes are the key modulators of DNA methylation and failed regulation could
potentially lead to the observed hypermethylation and the aberrant patterns of X-
chromosome inactivation frequently seen in animals produced using SCNT.

Immediately following fertilization, genomic DNA methylation patterns are partially erased
(in a species dependent manner) and the epigenetic status of the zygotic genome reset to a
totipotent reprogrammable state. As development proceeds the epigenome is programmed to
direct development and differentiation of the embryo (Reik et al., 2001; Santos et al., 2002;
Santos et al., 2003). In contrast, during preimplantation development of an SCNT embryo,
genomic DNA methylation patterns are not fully erased and in fact increase as development
proceeds (Kang et al., 2001; Kang et al., 2002). Accordingly, previous studies have
demonstrated that preemptive reduction of methylation levels within the donor cell line
increase the ability of reconstructed embryos to both develop to the blastocyst stage and
produce competent embryonic stem cells (Eilertsen et al., 2007; Blelloch et al., 2006). Thus
reducing SCNT embryo genomic DNA methylation levels may be a key step in improving
the efficiency of SCNT. However, it is still not clear whether this hypermethylation
phenomenon arises due differences between the abilities of the embryonic pronucleus and
transferred somatic nuclei to regulate the biochemical activity of the DNMT family of
enzymes, or is in fact a consequence of an inability of the ooplasm to direct their proper
transcription.

Here, we utilized quantitative reverse transcription polymerase chain reaction (qRT-PCR) to
measure Dnmt expression during IVF, parthenote and SCNT embryo development. Our
results indicate that within cloned embryos, the Dnmt family is not over-expressed above
and beyond the levels observed in IVF or parthenote controls, implicating inappropriate
translational control, protein trafficking or enzymatic function as the basis for clone genomic
hypermethylation. In attempting to develop protocols to reduce genomic methylation levels
in early embryos using short interfering RNAs (siRNAs), we observed injection of Dnmt1
targeting siRNAs into IVF and parthenote embryos resulted in developmental arrest at the
8-16 cell stage. In contrast, SCNT embryos derived from a stable, Dnmt1-depleted donor
cell line exhibited development rates indistinguishable from the control. Collectively our
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results indicate Dnmt transcription is properly programmed in preimplantation clone
embryos and that epigenetic programming by maternal Dnmt1 is essential for bovine
preimplantation development.

Results
Real Time Analysis of Dnmt expression in Nuclear Donor Cell Lines

Selection of cell type, age and even specific passage to be used as the nuclear donor can
have a profound effect upon clone embryo development rates. Previous studies have
postulated that DNA methylation may act as a mechanism in monitoring cellular aging
wherein older cells accumulate higher levels of genomic methylation (Lopatina et al., 2002;
Young and Smith, 2001). In support of this hypothesis, fetal cell lines generally display
reduced genomic methylation levels as compared to adult lines and frequently yield greater
development rates when used as nuclear donors (Monk et al., 1987; Hill et al., 2000).
Likewise, bovine cloned embryo production rates drop as cell passage number increases
(Liu et al., 2001). If increasing levels of DNA methylation correlate with a concomitant
increase in enzyme expression, cellular age may have a significant impact upon the capacity
of the ooplasm to reprogram Dnmt transcription. In order to investigate the possibility that
Dnmt expression levels increase with cellular age, the wild type, bovine fibroblast cell line
used as nuclear donors within the SCNT experiments reported in this study, were cultured as
far as the cells would passage before senescence. At several key passages, RNA was isolated
from a subset of cells and the remainder stained to examine morphology.

As cells passaged, their morphology shifted from the defined spindle shape characteristic of
fibroblast cells to a more oblong spread out cell body. To measure Dnmt mRNA levels we
employed qRT-PCR and normalized our results to the geometric mean of three independent
housekeeping genes (Goossens et al., 2005). When Dnmt transcript levels were measured we
were surprised to observe a steady state over the time course with the exception of Dnmt3b
which showed a significant down-regulation (Fig. 1A). While some minor differences in
Dnmt1 and Dnmt3a could be detected they were not as pronounced as the down-regulation
of Dnmt3b. To determine if the observed down-regulation of Dnmt3b towards senescence
was unique to the donor fibroblast cell line or is potentially a common phenomenon, we
carried out similar analyses in cultured bovine cumulus cells which have also been used as
nuclear donors in SCNT (Shin et al., 2002; Akshey et al., 2010). As with the donor
fibroblasts the cumulus cells demonstrated a consistent level of Dnmt1 and Dnmt3a
expression over the experimental time course whereas Dnmt3b again exhibited a marked
reduction in transcript levels by passage ten (Fig. 1B). Whether Dnmt3b down-regulation
occurs specifically as a mechanism inherent to the process of cellular senescence is
unknown. However, our data do not indicate that Dnmt levels increase with cellular age.

Quantitative Analysis of Bovine Dnmt Transcripts In Preimplantation Embryos Produced
by IVF, Nuclear Transfer and Parthenogenetic Activation

In order to more accurately assess Dnmt trancription levels during preimplantation
development of cloned embryos, qRT-PCR analysis was undertaken. In these experiments,
comparisons were made between embryos produced via IVF, somatic cell nuclear transfer
and parthenogenetic activation. Embryos activated parthenogenetically contain two female
compliments of the genome, can develop as far as the second trimester of pregnancy but
lack the ability to produce live offspring due to abnormal expression of imprinted genes
(McGrath and Solter, 1984; McGrath and Solter, 1984). We hypothesized that examination
of Dnmt expression profiles in embryos produced using these diverse methods may reveal
specific differences imparted either by solely containing a female genome, or by containing
a nucleus derived from a somatic cell. Embryos were produced using methods and a wild
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type bovine cell line described previously and development rates were in line with
previously published studies from this laboratory (De Sousa et al., 1999; Golding and
Westhusin, 2003; Hill et al., 2000; Winger et al., 2000).

A total of 160 embryos per experimental treatment were collected and RNA isolated from
pools of 10 two-cell stage, 20 eight-cell stage and 10 blastocyst stage embryos.
Approximately 50 ng of total RNA for each pool was seeded into two independent reactions
measuring the panel of reference genes as well as an individual methyltransferase (Goossens
et al., 2005). We postulated examination of these smaller pools individually may more
accurately reveal minor differences between the experimental groups. In total, 4 independent
measurements from each experimental group were taken at each of the 2-cell, 8-cell and
blastocyst stages. Given the large disparity between different Dnmt transcript levels when
graphed on a exponential scale, we have represented the data from this analysis as
normalized delta C(T) values instead of relative expression levels (Fig. 2).

During the two-cell stage, no differences in expression of any of the Dnmt transcripts can be
discerned (Fig. 2A; P>0.05). Embryonic genome activation occurs at the eight cell stage
during bovine embryonic development and thus consistent Dnmt measurements at the two-
cell stage are likely reflective of maternal transcripts. However, during the eight-cell stage, a
significant reduction in the expression of Dnmt1 in NT as compared to IVF embryos was
clearly observed (Fig. 2B; P<0.01). A similar reduction in the expression of Dnmt1 between
parthenotes and NT embryos also exists (P<0.0001) whereas the expression of neither
Dnmt3a nor Dnmt3b was statistically different during the 8-cell stage between all
experimental groups examined.

In embryos reconstructed using somatic cell nuclear transfer, Dnmt1 exhibits a dramatically
different expression pattern during the blastocyst stage of development (Fig. 2C). Transcript
levels of Dnmt1 in NT embryos as compared to both IVF and parthenote development were
lower (P<0.001). Again, expression of Dnmt3a and Dnmt3b measured at the blastocyst stage
was not different in any of the experimental groups. Taken together these results suggest that
subsequent to embryonic genome activation the transcriptional activity of Dnmt3a and 3b is
properly reprogrammed where as Dnmt1 transcription is suppressed, likely as a response to
the levels of hypermethylation previously reported in NT embryos and their potential impact
upon methylation responsive control elements within the Dnmt1 promoter (Kang et al.,
2001;Kang et al., 2002;Dean et al., 2001;Bigey et al., 2000;Slack et al., 1999;Slack et al.,
2001).

RNAi Depletion of Dnmt1
Regardless of the biochemical origin, clone embryo genomic hypermethylation represents a
substantive block to SCNT reprogramming and thus clone embryonic development.
Previous studies have tested a variety of genetic, biochemical and pharmacological
strategies to induce genomic demethylation both in donor cell lines and reconstructed
embryos (Simonsson and Gurdon, 2004; Eilertsen et al., 2007; Blelloch et al., 2006; Enright
et al., 2003). However, no study has yet attempted to mimic the process of passive DNA
demethylation during preimplantation development by specifically blocking Dnmt1
expression. Therefore, we opted to deplete Dnmt1 transcripts within preimplantation stage
embryos using RNA interference (RNAi). We hypothesized that reduced maternal Dnmt1
transcript levels would result in passive demethylation of the transferred genome and
improve SCNT development rates. To develop protocols in order to test this hypothesis, we
began by injecting siRNAs targeting Dnmt1 into either bovine IVF zygotes at the one-cell
stage or ova which were subsequently parthenogentically activated and cultured in vitro. The
siRNAs utilized targeted both both of the reported isoforms for bovine Dnmt1 (Dnmt1a and
Dnmt1b){Russell 2008}. As a control, Dnmt1-siRNA injected embryos were compared to

Golding et al. Page 4

Mol Reprod Dev. Author manuscript; available in PMC 2012 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



non-injected controls and oocytes injected with a fluorescently labelled scrambled siRNA.
To validate siRNA mediated depletion of Dnmt1 transcripts, 8-cell stage embryos were
collected, RNA isolated and analyzed using qRT-PCR. Injection of Dnmt1 targeting siRNAs
produced a significant reduction in target transcripts (<0.0001) as compared to uninjected
and scrambled siRNA injected controls (Fig. 3A). Unexpectedly, the injection process
produced a significant (P<0.05) increase in Dnmt1 transcript levels in the scrambled siRNA
injected group as compared to uninjected controls, likely as a stress response. Collectively,
these results indicate our siRNA treatment is capable of over a 95% reduction in bovine
Dnmt1 transcripts. To examine potential compensatory effects of Dnmt1 depletion by
Dnmt3a and Dnmt3b, 8-cell stage embryos were again collected and analyzed by qRT-PCR.
siRNA mediated depletion of Dnmt1 had no observable effect on Dnmt3a/3b transcript
levels, although again the injection process produced a measurable increase in Dnmt3b
levels in both siRNA injected groups as compared to uninjected controls (Fig. 3B).

To evaluate the impact of siRNA mediated depletion of Dnmt1 on embryonic DNA
methylation levels, 8-cell stage parthenote embryos were isolated, fixed and assayed using
immunocytochemistry as described previously (Dean et al., 2001). Dnmt1-siRNA injected
parthenotes displayed a 40% reduction in methylation levels as compared to non-injected
controls (Fig. 3C & D). This difference was significant at P<0.05. Interestingly, control
siRNA injected embryos displayed a 10% reduction in 5M-C staining suggesting that the
micromanipulation / injection procedure itself can influence DNA methylation levels
(P<0.05). However, the reduction observed in controls was minimal as compared to the 40%
reduction seen with the Dnmt1-siRNA. Previous studies in mice have demonstrated that
Dnmt1 is not essential for development to the blastocyst stage (Li et al., 1992). Surprisingly,
while non-injected and control siRNA parthenote and IVF bovine embryos consistently
yielded 37% and 26-30% blastocyst rates, embryos injected with the Dnmt1-siRNA
displayed developmental arrest at the 8-16 cell stage (Table 1). In experiments utilizing
parthenote embryos, a small number of very poor quality blastocysts developed while no
Dnmt1-siRNA injected IVF blastocysts were produced. This unexpected reduction in
embryo survival was consistently reproducible and significant (Chi Square Analysis
P<0.05). Recently, another group reported developmental arrest of ovine embryos at the
morula stage when Dnmt1 transcripts were targeted using siRNAs (Taylor et al., 2009).

In order to further examine this block to bovine preimplantation development, we sought to
generate a donor cell line containing a stably expressed short hairpin RNA targeting bovine
Dnmt1 for use as a nuclear donor. Utilization of Polymerase II driven constructs would
induce demethylation of the donor genome in cell culture but transgene transcription within
reconstructed embryos would not be induced until zygotic genome activation at the 8-cell
stage and thus should not impact stores of maternal mRNAs. To achieve stable depletion of
Dnmt1 transcripts over a prolonged culture period, lentiviral constructs containing
microRNA based short hairpin RNAs (shRNAMirs) targeting bovine Dnmt1 were cloned.
Again, we designed these shRNAs to target both reported isolforms of the bovine Dnmt1
transcript{Russell 2008}. We utilized the previously described PEG lentiviral vector
expressing the shRNAMir from within the 3′ UTR of the green fluorescent protein (GFP)
transgene (Fig. 4A) (Golding et al., 2010). To achieve stable integration and expression of
the Dnmt1 targeting shRNAMirs, these constructs were used to generate infectious,
replication deficient lentiviral particles and delivered into the same primary bovine
fibroblasts utilized as nuclear donors above, using methods previously described (Golding et
al., 2006;Golding et al., 2010). Stable integration and expression of these constructs was
verified by observation of GFP fluorescence within transgenic cells. Dnmt1 shRNAMir

expressing cell lines, along with a non-targeting control, were selected to homogeneity using
puromycin and Dnmt1 depletion verified using a combination of qRT-PCR and western blot
analysis. Four independent shRNAMirs were tested and the results of the two best candidates
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can be seen in Figures 4B (mRNA) and 4C (protein). Bovine shRNAMirs Dnmt1-3 and
Dnmt1-4 consistently produced a significant reduction in DNMT1 expression, with Dnmt1-4
yielding greater than a 95% reduction in levels of both Dnmt1 message and protein.

To examine if depletion of Dnmt1 influences expression of either Dnmt3a or Dnmt3b, RNA
preparations were analyzed using qRT-PCR. Unexpectedly, as can be seen in Fig. 4B,
depletion of Dnmt1 is associated with a significant drop in levels of both Dnmt3a and
Dnmt3b message (P<0.01). Next, cell lines containing Dnmt1 or control shRNAMirs were
analyzed for levels of genomic DNA methylation. After 7 passages in culture, cell lines
were analyzed using immunocytochemistry as previously described (Dean et al., 2001).
Depletion of Dnmt1 and corresponding drop in Dnmt3a/3b levels was associated with a
statistically significant (P<0.05) 15% drop in genomic methylation relative to transgenic
control cells (Fig. 4D). To determine the effect stable Dnmt1 depletion has on SCNT
development rates, Dnmt1-shRNA4 and control cell lines were used as nuclear donors. In
contrast to experiments reported by Eilertsen et al., (2007) which saw increased
development rates using transient siRNA mediated depletion of Dnmt1 in the donor cell
lines, no significant differences in blastocyst development rates were observed using stably
Dnmt1 depleted cell lines as compared to controls (Table 2). Importantly however,
embryonic development was not arrested at the 8-16 cell stage and produced blastocyst
development rates indistinguishable from the controls. These results suggest maternal
transcripts encoding Dnmt1 can carry development to at least the blastocyst stage and that in
contrast to the shRNA expressing cell line, protocols using siRNAs deplete these maternal
transcripts and arrest development.

To further examine the impact of stable shRNA mediated Dnmt1 depletion of bovine
embryonic development, we opted to transfer 20 Dnmt1 shRNAMir blastocyst stage embryos
into 5 recipients. As a control, blastocysts containing non-targeting shRNAMir s were also
transferred. As can be seen in Table 2, control embryos resulted in a 33% pregnancy rate as
measured on day 40 as compared to 0% for the Dnmt1-depleted embryos. These results are
consistent with previous studies in mice which demonstrate DNMT1 activity is dispensable
for in vivo preimplantation development, yet essential for postimplantation development (Li
et al., 1992). These above results collectively suggest that Dnmt1 is essential for
preimplantation development in ruminants and siRNA depletion of maternal Dnmt1
transcripts or the persistence of Dnmt1-siRNA treatment past the 8-cell stage interferes with
the epigenetic programming function of Dnmt1 and results in developmental arrest. As our
siRNA treatment arrested our control embryos, no attempts were made to test Dnmt1-siRNA
injection in embryos produced through SCNT.

Discussion
Abnormal patterns of gene expression are a hallmark of cloned embryos and studies in
cloned cattle and mice demonstrating genomic hypermethylation have begun to provide
some explanation to these transcriptional abnormalities (Bourc'his et al., 2001; Dean et al.,
2001; Kang et al., 2001; Xue et al., 2002). The key modulators of DNA methylation are the
DNMTs and over-expression of this enzyme family has been hypothesized to lead to the
observed hypermethylation and the aberrant patterns of X-chromosome inactivation and
imprinted gene expression frequently seen in animals produced using nuclear transfer
(Bestor, 1998; Golding and Westhusin, 2003). To distinguish between DNMT over-
expression versus differing capacities of somatic and embryonic nuclei to biochemically
regulate this enzyme family, we conducted real time quantitation of bovine Dnmt transcripts
during IVF, NT and parthenote development. Results from this study demonstrate that
within cloned embryos, members of the Dnmt family are not over-expressed above and
beyond levels seen in IVF or parthenote embryos but rather demonstrate drastically reduced
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transcript levels encoding the most abundant methyltransferase, Dnmt1. The promoter of
human dnmt1 contains several methylation responsive elements that have been hypothesized
to modulate transcription in accordance with local levels of genomic methylation (Bigey et
al., 2000; Slack et al., 1999; Slack et al., 2001). Given the hypermethylated status of the
genome in cloned embryos it is possible that transcription of Dnmt1 in clones becomes
attenuated as a result of the high levels of CpG methylation within the donor genome.

During early development of cloned mice removal of the female pronucleus from the oocyte
precludes any ability of the zygote to demethylate the donor genome and removes key
elements controlling the trafficking of the oocyte specific isoform of Dnmt1 (Dnmt1o)
(Howell et al., 2001; Chung et al., 2003; Kang et al., 2001; Oswald et al., 2000). Similarly,
studies of nuclear breakdown and the dynamics of murine Dnmt1o in reconstructed embryos
support the assertion that DNMT trafficking is disrupted in NT embryos. (Gonda et al.,
2003; Chung et al., 2003). Given our observed down-regulation of bovine Dnmt1
transcription along with previous observations of early murine NT development, we
postulate that the increasing levels of genomic methylation observed in cloned cattle may
result from either abnormal trafficking or biochemical regulation of this gene family. Thus
within the unique environment of an oocyte, somatic nuclei lack key elements controlling
enzyme access or activity resulting in genomic hypermethylation.

In an effort to reduce genomic methylation levels we sought to suppress Dnmt1 activity in
donor cell lines and in early embryos using RNAi. Utilizing siRNAs to block DNMT1
expression during preimplantation development we sought to develop protocols aimed at
lowering levels of genomic methylation by inducing passive demethylation. However,
similar to previously described studies using Dnmt1 targeting siRNAs in sheep, depletion of
the most abundant methyltransferase within IVF and parthenote embryos resulted in a
developmental arrest before the blastocyst stage (Taylor et al., 2009). In contrast using a
stably expressed shRNA to interfere with Dnmt1 expression in cloned embryos did not
induce developmental arrest and produced development rates identical to the controls. We
hypothesize that these observations can be explained by the differences in RNAi inducing
molecule dosage and timing. SCNT embryos containing a shRNA expression cassette will
not be transcribed until embryonic genome activation at the 8-cell stage where as siRNAs
will immediately prime the RNAi machinery upon injection and suppress homologous
transcripts. Moreover siRNAs were injected in picomolar amounts where as shRNAs will
exhibit similar kinetics and abundance to other Polymerase II transcripts (Silva et al., 2005;
Stegmeier et al., 2005). Thus in SCNT embryos generated using a Dnmt1-shRNA
expressing cell line, maternal transcripts were likely sufficient to carry development beyond
the blastocyst stage into post-implantation development at which point the depletion of
DNMT1 was lethal. While ineffective at improving SCNT embryo development rates, our
results clearly show that the techniques described above are effective as a tool to study
functional genomics in a large animal model.

We were surprised that the reduction in global DNA methylation within the donor cell line
was only on the order of 15% given the potent depletion of Dnmt1 transcripts to levels less
than 5% of controls. Given the number of passages the transgenic fibroblasts were grown
before analysis we fully expected to see a reduction in methylation levels by at least half. It
is possible that DNMT3b, which does have some reported maintenance activity, could be
compensating and maintaining methylation levels (Eilertsen et al., 2007; Chen et al., 2003).
However our observations that levels of both Dnmt3a and Dnmt3b transcripts were reduced
in Dnmt1-shRNAMir cell lines do not wholly support this assertion. Moreover we are at a
loss as to explain the down-regulation of both Dnmt3a and 3b in the absence of Dnmt1.
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As the mammalian embryo develops, progressive changes in epigenetic modifications to
DNA and histones gradually program cell specific patterns of gene expression and restrict
both lineage potential and cell identity (Goldberg et al., 2007). However, in contrast to cells
within the inner cell mass of in vivo preimplatation embryos, both ES and IPS cells in
culture are relatively hypermethylated; yet clearly retain the capacity to generate all the
somatic lineages. Moreover, while increased levels of genomic methylation are an
impediment of SCNT reprogramming they are clearly not insurmountable. Therefore
methods aimed at partially reducing these high levels should improve the “programability”
of the donor nucleus and thus embryo survival. Conversely, a recent report suggests that
bovine cloning efficiency is not correlated with altered levels of key epigenetic modifiers,
including the Dnmts 1, 3a and 3b in the donor cell line (Zhou et al., 2009). Our studies
indicate that targeting maternal Dnmt1 transcripts within the preimplantation embryo using
siRNAs does not likely represent a viable strategy for improving SCNT development rates
as presumably the affect of RNAi persists past the 8-cell stage and block Dnmt1's essential
role in developmental programming (Howell et al., 2001). In contrast, transient siRNA
mediated depletion of Dnmt1 within donor cell lines produces a ∼30% increase in SCNT
development rates to the blastocyst stage (Eilertsen et al., 2007). It will be interesting to see
whether this increase in development rates correlates with an increased ability to produce
competent ES cells or live offspring.

The birth of Dolly and more recently the discovery of methods for the generation of induced
pluripotent stem cells have raised fundamental questions concerning the irreversibility of the
differentiated state (Campbell et al., 1996; Takahashi and Yamanaka, 2006). Since its
discovery, induction of pluripotency within somatic cells in vitro have shifted studies of the
cellular reprogramming process from those restricted by the scale of embryo culture to
large-scale studies in cell culture and greatly accelerated the pace of research within this
field. It is now becoming clear that remodeling the epigenetic landscape of a cell represents
the key to success for this reprogramming process and accordingly much effort has gone
into identifying crucial factors involved in this process. Critical roles for genomic
demethylating enzymes, polycomb proteins and chromatin remodeling factors in this process
speak to the critical nature of epigenetics in IPS cell generation and highlight how essential a
firm understanding of these processes are to IPS stability and therapeutic potential (Kim et
al., 2010; Singhal et al., 2010; Pereira et al., 2010; Bhutani et al., 2009). Thus, it is very
likely that methods aimed at priming somatic cells for IPS programing will also serve to
improve cell suitability for the SCNT process. The recent success in demethylating cellular
genomes using proteins involved in elements of base excision repair is one example of
potential methods that my be used to improve SCNT efficiency (Kim et al., 2010).

Materials & Methods
Embryo Production and siRNA Injection

Mature bovine oocytes were obtained (Ovitra Biotechnology, Inc. Hereford, TX) and
utilized to produce IVF, parthenote and SCNT embryos using methods previously described
(De Sousa et al., 1999; Golding and Westhusin, 2003; Hill et al., 2000; Winger et al., 2000).
siRNAs were diluted prior to injection to 50 mM in TE buffer. Both injection groups
contained Cy3 labelled siRNAs for a visual conformation of injection into the cytoplasm.
The zygotes or activated ova were subsequently placed in G1™ -Version 3 media (Vitrolife
10091) for 3 days then G2™ -Version 3 media (Vitrolife 10092) for culture from the 8-cell
to the blastocyst stage. siRNA sequences were: Dnmt1 852
GCACAGAAGUCAACCCAAAtt Dnmt1 1296 CCUCUUUUCUGGUUCAGCAtt and
were injected as a 50/50 mixture. The sequences shown correspond to the sense strand and
the numbers indicate the position of the Dnmt1 (Accession NM_182651) transcript targeted.
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qRT-PCR & Western Analysis
RNA isolation and RT-PCR were performed as previously described (Golding and
Westhusin, 2003). Relative gene expression levels from each sample were calculated in
triplicate using the SYBR Green comparative Ct method (Applied Biosystems, USA),
adjusted according to individual PCR efficiencies for each primer pair and normalized to the
geometric mean Ct of 3 endogenous controls (Gapdh, Ywhaz & Sdha) as described
previously (Goossens et al., 2005). Primer sequences used were: Gapdh (Fwd 5′-
CTGCCCGTTCGACAGATAG-3′, Rev 5′-CTCCGACCTTCACCATCTTG-3′) Ywhaz
(Fwd 5′-CTGAACTCCCCTGAGAAAGC-3′ Rev 5′-CCTTCTCCTGCTTCAGCTTC-3′)
Sdha (Fwd 5′-ACCTGATGCTTTGTGCTCTG-3′ Rev 5′-
TCGTACTCGTCAACCCTCTC-3′) Dnmt1Fwd (5′-TGACTCCACCTACGAAGACC-3′
Rev 5′-TCTCTACTTGCTCCACCACG-3′) Dnmt3a (Fwd 5′-
CAACGGAGAAGCCTAAGGTCAA-3′ Rev 5′-TTGAGGCTCCCACAAGAGATG-3′)
Dnmt3b (Fwd 5′-AGTATCAGGATGGGAAGGAGTTTG-3′ Rev 5′-
CCAGGAGAAACCCTTGATCTTTC-3′). For Western analysis DNMT1 goat polyclonal
antibody (Santa Cruz Biotech sc-10221) was diluted 1 μg/ml in 2.0% skim milk/TBST.

Generation of Transgenic Primary Fibroblasts
Primary bovine fibroblasts were isolated using previously described procedures (Hill et al.,
2000) and seeded into 24-well plates to give a density of 50% confluence after 12-18 hours
of growth. The next day, recombinant retroviral particles were passed through a 0.45um
filter and added to the bovine fibroblast culture media along with a final concentration of 8
μg/ml polybrene. Cells were sub-passed via standard protocol and selected using 2 μg/ml
Puromycin (Sigma Aldrich). Methods detailing the production of recombinant lenti class
retroviral particles have been described previously (Lois et al., 2002; Golding et al., 2006;
Golding et al., 2010). Bovine Dnmt1 shRNAs were designed to target bases 1082-1111 and
1789-1818 (Dnmt1-shRNA3 and shRNA4 respectively) of the full length Dnmt1 transcript
(Accession NM_182651).

Immunocytochemistry
Parthenote and IVF embryos at the 8-16 cell stage (84 hours post activation) and blastocyst
stage (168 hours post activation) were removed from culture, washed twice with 1 × PBS
and fixed with -20°C methanol for 5 minutes. Embryos were washed in PBS and
permeabilized for 30 minutes at room temperature with 0.2% Triton X-100 in PBS and
treated wtih 3 M HCL diluted in ddH2O with 0.1% Triton X-100 to denature the DNA and
allow binding of the primary antibody to methylated DNA. The HCL was removed after 13
minutes and a 100 mM Trizma Hydrochloride buffer, pH 8.5, was added for 30 minutes to
neutralize the HCL. Embryos were incubated in blocking buffer with 3.0% BSA (Sigma
9022) and 0.1% Triton X-100 in PBS for four hours at room temperature to block non-
specific binding of antibodies. Primary antibody to 5-methylcytidine (Eurogentec San Diago
CA) was diluted 1:200 in blocking buffer and embryos were incubated in 150 μl drops for
one hour at 37°C. Embryos were washed by washing embryos through blocking buffer six
times for five minutes each. An Alexa 488 (Invitrogen) secondary antibody was diluted
1:200 in PBS with 0.1% Tween-20 and embryos were incubated for one hour at 37°C.
Secondary antibody was washed three times with PBS with 0.1% Tween-20 for five minutes
each time. RNase A was diluted to 25 μg/ml in PBS and incubated for 20 minutes at 37°C.
Propidium Iodide (PI) was diluted 25 μg/ml in PBS and incubated for 30 minutes at 37°C.
Cover slips were mounted with a 50/50 solution of anti-fade and glycerol on glass slides and
sealed with clear fingernail polish. Cell lines grown on glass cover slips were subjected to
similar procedures.
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Images were taken using a BioRad Radiance 2003 multiphoton/confocal microscope and a
60X water immersion objective using Laser Sharp 2000 imaging software. A z-series was
taken from individual embryos with 5 microns between each section. There were
approximately 20-35 images per embryo depending on their shape and size. Each section
contained an image of the 5-methylcytosine label and one for the PI nuclear stain. Mean
intensity measurements of the embryo images were taken using NIS Elements 3.0 software.
5-methylcytosine intensity measurements were divided by the intensity of the PI stain for
each individual blastomere nuclei to give us the ratio of methylated DNA to total DNA for
each cell in an embryo.

Statistical Analysis
For qRT-PCR analysis comparisons between groups were made using the students t-test. For
analysis of differences in embryo development rates, Chi-Square analysis was performed to
determine significant differences (p < 0.05) between three independent groups of embryos.
Expected values for each group were estimated according to the chi-square test, compared
with the observed values, and used to calculate p-values for each pairwise comparison.
Blastocyst rates were significantly different for all comparisons with the exception of non-
injected controls to non-targeting siRNA injected controls.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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siRNA short interfering RNA

shRNA short hairpin RNA

IVF in vitro fertilization

NT Nuclear Transfer
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Figure 1.
DNA Methyltransferase expression in aging donor cell lines. a) Dnmt expression in aging
primary donor fibroblasts. Primary donor fibroblasts used as nuclear donors were cultured to
senescence and RNA collected at each passage was analyzed for methyltransferase
expression using quantitative RT-PCR. Error bars represent the SEM and * denote statistical
significance P<0.01. b) Dnmt expression in aging cumulus cells. Primary cumulus cells were
obtained from isolated cumulus-oocyte complexes and cultured to senescence.
Measurements of transcripts encoding bovine Dnmts were measured using q-RT-PCR.
Samples were normalized to the geometric mean of GAPDH, YWHAZ & SDHA. Error bars
represent the SEM and * denote statistical significance P<0.01.
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Figure 2.
DNA Methyltransferase expression in two-cell, eight-cell and Blastocyst stage embryos
produced through in vitro fertilization (IVF), parthenogenetic activation and somatic cell
nuclear transfer (SCNT). Embryos produced using the described techniques were cultured to
the indicated developmental stage, collected in pools of 10 two-cell stage, 20 eight-cell stage
and 10 blastocyst stage embryos. RNA was isolated, and seeded into qRT-PCR reactions
measuring levels of each of the Dnmts. Data was normalized to the geometric mean of
GAPDH, YWHAZ & SDHA and values graphed as a normalized ΔCT. Error bars represent
the SEM and * denote statistical significance of at least P<0.01.
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Figure 3.
Depletion of maternal transcripts encoding Dnmt1. a) Depletion of Dnmt1 in control and
siRNA injected eight-cell stage embryos was measured using qRT-PCR. Error bars
represent the SEM and * denote statistical significance P<0.0001. b) Measurements of
transcripts encoding Dnmt3a and Dnmt3b in non-injected and siRNA injected eight cell
stage embryos using qRT-PCR. Error bars represent the SEM and letters denote statistical
significance P<0.01. All q_RT-PCR measurements were normalized to the geometric mean
of GAPDH, YWHAZ & SDHA. c) Reduction of genomic methylation in Dnmt1-siRNA
injected embryos. Non-injected, control and Dnmt1-siRNA injected embryos were fixed and
stained using an antibody recognizing methylated cytosine. 5MC staining was normalized
using propidium iodine and graphed relative to non-injected controls. Error bars represent
the SEM and letters denote statistical significance P<0.05. Raw numbers used in this
analysis are available in supplementary figure 1a. d-f) Confocal images of eight-cell stage
non-injected (d), control (e) and Dnmt1-siRNA (f) injected embryos double-stained with the
5MC antibody (green signal) and propidium iodine (red signal).
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Figure 4.
Stable depletion of Dnmt1 in transgenic donor fibroblasts. a) Cartoon map of the PGK
Puromycin EF1a GFP containing (PEG) lentiviral shRNA expression constructs used to
deliver shRNAs targeting Dnmt1. b) Reduced expression of the bovine Dnmts in transgenic
cell lines. Primary bovine fibroblasts were transduced with either non-targeting control or
Dnmt1 targeting shRNAs. RNA from transgenic cells was isolated and seeded into qRT-
PCR reactions measuring each of the Dnmts. Data was normalized to the geometric mean of
GAPDH, YWHAZ & SDHA. Error bars represent the SEM and * denote statistical
significance P<0.001. c) Verification of DNMT1 depletion using Western analysis. Protein
extracts from shRNA containing cell lines were isolated and probed using antibodies
recognizing DNMT1. To normalize samples, blots were stripped and probed for GAPDH. d)
Reduced levels of genomic methylation in transgenic cell lines. Fibroblasts containing non-
targeting control or Dnmt1 targeting shRNAs were fixed and stained using an antibody
recognizing methylated cytosine. 5MC staining was normalized using propidium iodine.
Measurements of the non-targeting control cell line were set to 1 and relative values
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graphed. Error bars represent the SEM and letters denote statistical significance P<0.05.
Raw numbers used in this analysis are available in supplementary figure 1b.
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