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DNA methylation plays a significant role in the expression of the genetic code and affects early growth and
development through their influence on gene expression. Manipulation of the DNA methylation marks of differ-
entiated cells will allow a better understanding of the different molecular processes associated with chromatin
structure and gene expression. The objective of this study was to identify small interfering RNAs (siRNAs) with
the ability to reduce DNA methyltransferase 1 (Dnmt1) mRNA and consequently decrease Dnmt1 protein as
well as DNA methylation in porcine cells. Fibroblasts from four porcine fetuses were established and cultured
in 5% CO2 in air at 38°C. Optimal transfection conditions were evaluated using a FITC-labeled control siRNA.
Four Dnmt1-specific siRNAs were evaluated upon transfection of each cell line. A nonsilencing siRNA was
used as a negative control. The expression patterns of Dnmt1 were analyzed by Q-PCR. The combination of 1
µg of siRNA and a 1:6 siRNA to transfection reagent ratio produced the highest transient transfection rates
without affecting cell viability. Downregulation of Dnmt1 varied between siRNAs. Transfection of porcine cells
with highly effective siRNAs resulted in a drastic reduction of Dnmt1 mRNA and a slight decrease in protein
production. However, this small reduction in the protein concentration induced significant genomic hypomethyla-
tion. These data suggest that although Dnmt1 mRNA abundance plays an important role during protein regu-
lation, Dnmt1 enzyme is mainly posttranscriptionally regulated. Subsequent use of these cells for cloning, dif-
ferentiation, and cancer studies will provide insight as to how methylation of the DNA affects genomic
reprogramming.
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INTRODUCTION Methylation of the DNA consists of the covalent
addition of a methyl group to the number 5 carbon
of the cytosine pyrimidine ring (14). This reaction isDNA methylation plays a significant role in gene

expression, which influences early growth and devel- catalyzed by DNA methyltransferase (Dnmt) enzymes
and is generally associated with transcriptional silen-opment (19). The principal function of this epigenetic

modification is to regulate the repression of genes not cing due to the inability of transcription factors to
bind to methylated DNA sequences (19). Dnmt1 en-required in specific cell types at specific stages of de-

velopment without changing the DNA sequence (48). zyme is most likely responsible for maintaining the
methylation states of sites during cell division. It isMoreover, methylation can be reversed in case of re-

quirement for cellular differentiation via gene expres- the affinity of Dnmt1 for the hemimethylated sites
resulting from semiconservative replication that en-sion/repression regulation (52). A second but equally

essential role of DNA methylation in mammals is to sures methylation patterns are maintained once estab-
lished (7).provide an imprinting mark that distinguishes be-

tween silenced and expressed parental alleles of cer- Manipulation of the DNA methylation marks of
differentiated cells should facilitate the understandingtain genes (5).
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of the different molecular processes associated with ference, and gene knockdown, in a sequence-specific
manner in cultured mammalian cells. Briefly, siRNAchromatin structure and gene expression. Rearrange-

ment of the methylation pattern should improve our duplexes bind to a nuclease complex to form the
RNA-induced silencing complex (RISC). The acti-understanding of the differentiation-associated cellu-

lar changes, which may facilitate the manipulation of vated RISC targets the homologous transcript by base
pairing interactions and cleaves the mRNA �12 nu-stem cell differentiation into a desired cell type, or

conversely, the dedifferentiation of specific cell types cleotides from the 3′ terminus of the siRNA (17,34).
RNAi technology has been previously used to re-into pluripotent stem cells (23,52). Additionally, re-

moval of methylation groups abnormally localized in duce the expression of Dnmt1 in human cancer cells,
as well as murine and bovine fibroblasts (1,15,26,40).the promoter region of tumor suppressor genes may

reestablish the normal expression of these genes and However, depletion of Dnmt1 protein and DNA
methylation after treatment with Dnmt1-specificact as an anticancer therapy. Overmethylation causes

increased chromatin condensation, thus reduction in siRNAs was not always observed (1). Therefore, the
objective of this study was to identify the ability ofthe chromatin compaction of donor cells may in-

crease the efficiency of somatic cell nuclear transfer several siRNAs to downregulate Dnmt1 mRNA as
well as Dnmt1 protein and DNA methylation in por-(SCNT). It has been proposed that cells characterized

by hypomethylated DNA should be more easily re- cine fibroblast cells.
programmed during NT than cells with highly com-
pacted chromatin (2,11,33).

The DNA methylation status of somatic cells could MATERIALS AND METHODS
be altered by regulating the activity of epigenetic-

siRNA Design and Transfectionsmodifying enzymes. Genomic hypomethylation has
been previously achieved by inducing downregula- Four short interfering RNAs, each targeting a dif-
tion of Dnmt1 (10,13,26,40). Different approaches to ferent segment of the transcript sequence, were de-
artificially inhibit Dnmt1 in somatic cells, including signed using the porcine Dnmt1 transcript sequence
the addition of chemical inhibitors, gene knock-out (GenBank accession number DQ060156). The oligo-
and small interfering RNA (siRNA) have been em- nucleotides were designed using the HiPerformance
ployed. Enright et al. demonstrated that 5-aza-2′- Design Algorithm software and were synthetically
deoxycytidine (5-AZA) can reduce the level of DNA produced by Qiagen, Inc. (Valencia, CA). A nonsi-
methylation by depleting the cells of Dnmt1 enzyme lencing siRNA was included as a negative control
activity (11). However, chemical inhibitors could tar- (Table 1). Transfection efficiency and cell viability
get other proteins or enzymes and affect other bio- were determined in cells transfected with 3′ fluores-
chemistry pathways in addition to the targeted sys- cein-labeled nonsilencing siRNA and stained with
tem. Therefore, results obtained from a chemical propidium iodide (PI) (30 µg/ml). Transfections with
additive must always be questioned as to whether the Dnmt1-specific siRNA were performed using the li-
outcome observed was the result of an off-target ef- pofection conditions as determined in the optimiza-
fect. Moreover, 5-AZA has been shown to have cyto- tion experiments.
toxic effects (21). Gene knock-out models generated
by interrupting the Dnmt1 gene have been reported in Establishment, Culture, and Cryopreservation
mice (13,25,27). For large animals, such as livestock of Cell Lines
species, knockout of Dnmt1 would require the appli-
cation of low-efficiency homologous recombination Primary cultures of fibroblasts from four 40-day-

old porcine fetuses were established using explants.technology combined with SCNT, making this en-
deavor very labor intensive, and costly to produce Briefly, pieces of minced skin were placed in 55-cm2

culture dish containing Dulbecco’s modified Eagleand maintain especially in large animals (31).
Recently, RNA interference (RNAi) has become a medium plus 20% fetal bovine serum (FBS) and cul-

tured in a humidified atmosphere of 5% CO2, 5% O2,powerful and widely accepted tool for the analysis
of gene function in many organisms including plant, and 90% N2 at 38.5°C. Culture medium was replaced

every 3–4 days. Cells were passaged as needed usinginvertebrate, and mammalian cells. The specificity of
RNAi is comparable to gene knock-out experiments 0.05% trypsin with EDTA as a dissociation reagent.

For cell freezing, the fibroblasts were resuspended inbut much less time consuming and expensive. RNAi
is based on double-stranded RNAs (dsRNAs) that FBS and 10% dimethyl sulfoxide and cooled at

1.0°C/min until reaching −80°C prior to plunging andtrigger sequence-specific degradation of mRNA. A
siRNA, consisting of an in vitro-synthesized 21-base storage in liquid nitrogen. Approximately 1 × 106

cells were frozen in 0.5 ml of freezing medium perpair oligonucleotide duplex, can mediate RNA inter-
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TABLE 1
OLIGONUCLEOTIDE SEQUENCES

Oligonucleotide Sequence 5′–3′ Start (bp)

siRNA1 Dnmt1 specific Target binding site ATGGAAGAAGATGATAAAGAA 739
Forward GGAAGAAGAUGAUAAAGAAdTdT
Reverse UUCUUUAUCAUCUUCUUCCdAdT

siRNA2 Target binding site CTGGCTGAAATGAGACAGAAA 2728
Forward GGCUGAAAUGAGACAGAAAdTdT
Reverse UUUCUGUCUCAUUUCAGCCdAdG

siRNA3 Target binding site CACTGTATGAGTGGAAATTTA 5120
Forward CUGUAUGAGUGGAAAUUUAdTdT
Reverse UAAAUUUCCACUCUACAGdTdG

siRNA4 Target binding site CGGGAAGTGAATGGATATCTA 346
Forward GGAAGUGAAUGGAUAUCUAdTdT
Reverse UAGAUAUCCAUUCACUUCCdCdG

siRNA5 Nonsilencing Target binding site AATTCTCCGAACGTGTCACGT
Forward UUCUCCGAACGUGUCACGUdTdT
Reverse ACGUGACACGUUCGGAGAAdTdT

Primer set 1 Dnmt1 Forward CGGACTGCTCCCTACAGAAG 690
Reverse CGTTTGCCAGCTAGACCTTT 923

Primer set 2 Forward TCGAAGGATGATGGGAAGAC 2599
Reverse ACCCACTCGATACTGGATGC 2841

Primer set 3 Forward GAAACTGTTCTGTGAGGTTTGC 5006
Reverse TCCACTCATACAGTGGTAAATTTGAT 5134

Primer set 4 Forward AGGAGGGCTACCTGGCTAAA 269
Reverse TGTGCCAAGTCTGGAAACAG 456

Primer set 5 Dnmt3a Forward GAATCGCTACAGGGCTTCTG 1299
Reverse CTGGATATGCTTCTGCGTGA 1613

Primer set 6 Dnmt3b Forward CTGGATATGCTTCTGCGTGA 88
Reverse GGCATCACTGGAGTGTCTGA 314

Primer set 7 Gapdh Forward TCGGAGTGAACGGATTTG 352
Reverse CCTGGAAGATGGTGATGG 570

Primers and siRNA specific for Dnmt1 were designed using the porcine sequence DQ060156. Dnmt3a, Dnmt3b, and
Gapdh primers were designed using the sequence accession number NM_001097437, DQ830979, and AF017079,
respectively. Primers flanking the binding site of every siRNA were used to analyze the gene expression of Dnmt1
after transfection.

cryovial. Cells were thawed by holding the cryovial the manufacturer’s instructions. The iScript RT Reac-
tion Mix contained 4 µl of iScript reaction mix, 1 µlfor 10 s at room temperature followed by submersion

in a 38°C water bath. Thawed cells were washed of reverse transcriptase, 4 µl of nuclease-free water,
and 11 µl of mRNA. A reaction mix was formulatedonce in culture medium before being replated.
for the sample, a non-reverse transcriptase, and a
non-template control reaction.

RNA Isolation and RT-PCR

Real-Time PCRTotal RNA was isolated from fibroblasts using
TRIZOL (Invitrogen, Carlsbad, CA) as previously PCR primers for the amplification of Dnmt1,

Dnmt3a, Dnmt3b, and glyceraldehyde 3-phosphatedescribed by Chomczynski and Sacchi (6). Total
RNA was coprecipitated with glycogen and residual dehydrogenase (Gapdh) were designed using the

Primer 3.0 software (http://frodo.wi.mit.edu/). Togenomic DNA was removed with DNase I. Reverse
transcription (RT) was carried out in a total volume avoid amplifying partially degraded molecules, prim-

ers for Dnmt1 were designed to amplify the regionof 20 µl using the iScript cDNA Synthesis Kit (Bio-
Rad Laboratories, Inc., Hercules, CA) according to flanking the siRNA binding site (Table 1). Comple-
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mentary DNA was amplified using SYBR Green 8.5) for 5 min. Nonspecific binding sites were
blocked with 1% BSA in PBS. Samples were incu-PCR Master Mix in the ABI Prism 7000 Sequence

Detection System (Applied Biosystems, Foster City, bated with a mouse anti-human DNA methyltransfer-
ase (2.5 µg/ml, Abcam, Cambridge, MA) or a mouseCA). The real-time PCR mix (25 µl) consisted of 2

µl of cDNA, 12.5 µl of SYBR green master mix, 9.5 anti-5-methylcytidine antibody (1 µg/ml, Serotec) for
30 min at room temperature followed by labelingµl of nuclease-free water, and 0.5 µl each of forward

and reverse primers (10 µmol) for each gene. A reac- with a goat anti-mouse IgG conjugated with Alexa
Fluor 488 (40 µg/ml, Molecular Probes, Eugene,tion mix was formulated for the sample, for a no-

reverse transcriptase, and a no-template control reac- OR). Cells were counterstained with 30 µg/ml PI and
10 µg/ml RNase. Cells were then washed and resus-tion. The program used for the amplification of all

genes consisted of a denaturing cycle of 3 min at pended in PBS. Appropriate staining controls for au-
tofluorescene and nonspecific binding were included.95°C; 40 cycles of PCR (95°C for 10 s, 55°C for

45 s, and 95°C for 1 min); a melting curve analysis Specificity of the primary antibodies for nuclear epi-
topes was determined with epifluorescence micros-consisting of 95°C for 1 min followed by 55°C for 1

min, a step cycle starting at 55°C for 10 s with a copy and levels of Dnmt1 and DNA methylation
were analyzed by flow cytometry.0.5°C/s transition rate; and cooling at 4°C.

Final quantification was performed using a com-
parative CT method (29). A mixture of RNA from Levels of Dnmt1 and DNA Methylation
somatic cells was used as calibrator for all the target

Determination of the relative level of transfectiongenes. Gapdh was used as the endogenous control
efficiency, Dnmt1 protein, and methylated DNA wasgene. Briefly, the signal of the reference gene Gapdh
performed in a FACSAria (Becton Dickinson Immu-was used to normalize the target gene signals of each
nocytometry Systems, San Jose, CA). Labeled cellssample. The amount of target transcripts relative to
were excited at 488 nm with a 15-mW argon laser. Athe calibrator was calculated by 2−∆∆CT. Therefore, all
610-nm diachronic mirror (beam splitter) and a 610/target gene transcription was expressed as an n-fold
20-nm band pass filter were used to detect PI levels.difference relative to the calibrator.
Differences in DNA content were used to determine
phases of the cell cycle. Levels of transfection effi-PCR Validation
ciency, DNA methylation, and Dnmt1 were detected

PCR products were analyzed by electrophoresis on with a 530/30-nm filter. A minimum of 10,000 events
an agarose gel and sequenced to confirm the amplifi- were analyzed per cell line and treatment. Relative
cation of the proper product. To determine if the levels of fluorescence were reported as arbitrary units
primers amplified a single product in a quantitative of fluorescence (AUF).
manner, efficiency levels, correlation coefficients,
and melting curves of cDNA at four different dilu- Experimental Design
tions were analyzed by Q-PCR. All the target genes
led to efficiencies between 90% and 97% and correla-
tion coefficients of 0.98–1.00.

Experiment 1. Cell lines were synchronized in
G0/G1 by contact inhibition, replated, cultured, and
collected 48, 54, 60, 72, 96, and 120 h postseeding

Methylated DNA Immunolabeling
(PS) and used to determine the levels of Dnmt1 tran-
script, Dnmt1 protein, and DNA methylation. ThreeLevels of Dnm1 enzyme and DNA methylation of

fibroblasts were detected by immunolabeling with an biological replicates per cell line and time PS were
performed.anti-Dnmt1 and an anti-5-methylcytidine antibody

(Serotec, Raleigh, NC). Dissociated cells were fixed
and immunolabeled as previously described by Habib Experiment 2. Optimal transfection conditions

were determined by transfecting a cell line with a 3′et al. (16). Briefly, samples were permeabilized by
incubation in a PBS solution supplemented with 1% fluorescein-labeled nonsilencing siRNA using differ-

ent ratios of siRNA to transfection reagent (µg/µl:BSA and 0.1% Tween 20 (PBST-BSA). Fibroblasts
were fixed with 0.25% paraformaldehyde in PBS for 1:3, 1:6, and 1:9), as well as siRNA concentrations

(0.5, 1.0, and 1.5 µg). Cells were counterstained with10 min at 37°C followed by the addition of 88%
methanol previously cooled at −20°C. After two PI to analyzed cell viability 24 h posttransfection

(PT). Three biological replicates per siRNA to trans-washes with PBST-BSA at room temperature, sam-
ples were treated with 2N HCl at 37°C for 30 min fection ratio and siRNA concentration were per-

formed.followed by incubation in 0.1 M borate buffer (pH
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Experiment 3. Cell lines were transfected with RNA and flow cytometric analysis of cell lines
PF1, PF2, PF3, and PF4 showed that the levels ofeach Dnmt1-specific siRNA and a nonsilencing

siRNA using the lipofection conditions as determined Dnmt1 and DNA methylation varied significantly be-
tween cell lines. PF1 had the highest level of Dnmt1in Experiment 1. Cells were collected 6, 12, 24, 48,

and 72 h PT and used to determine the abundance of transcript and methylated DNA. PF2, PF3, and PF4
had 32%, 73%, and 45% less Dnmt1 mRNA andDnmt1–Dnmt3a and Dnmt3b transcripts, as well as

the level of Dnmt1 protein and DNA methylation. 18%, 66%, and 51% less methylated DNA than PF1,
respectively.Three biological replicates per cell line, siRNA, and

time PT were performed. Levels of Dnmt1 transcript and DNA methylation
changed with time in culture (Fig. 3). Gene expres-
sion of Dnmt1 in porcine fibroblasts was higher dur-Statistical Analysis
ing the growing phase of culture (first 60 h PS) than

Data were analyzed using SigmaStat Statistical
in growth-arrested cells ( ≥ 72 h PS). Likewise, DNA

Software Version 3.5 (Systat Software, Richmond,
methylation levels decreased significantly after cells

CA). Variances of the relative levels of methylated
reached 100% confluence.

DNA, Dnmt transcripts, and protein of all cell lines
Dnmt1 protein and methylated cytosine content at

were calculated by ANOVA. Differences in Dnmt1
different stages of the cell cycle were quantified by

and methylation level content between siRNA, cell
flow cytometric analysis. Fibroblasts in G0/G1 have

line, and time PT were statistically analyzed by Tu-
less methylated cytosines than cells in S and G2/Mkey’s test. In this study p < 0.05 was considered sig-
phases (1811 ± 264, 3159 ± 520, and 3969 ± 610 AUF,

nificant.
respectively). The levels of Dnmt1 protein were
lower during G0/G1 (1139 ± 93 AUF) and increased
in G2/M phase (1951 ± 112 AUF).

RESULTS

Levels of Dnmt1 and DNA Methylation During Optimization of siRNA Transfection
Cell Cycle Progression

Using a FITC-labeled nonsilencing siRNA, the ra-
tio between siRNA concentration and the liposome,The specificity of the anti-Dnmt1 antibody was

demonstrated by Western blot (WB) and immuno- and siRNA concentration were optimized in porcine
fibroblast cells. Flow cytometric analysis of porcinelabeling analysis of porcine cells. Incubation of cells

with anti-Dnmt1 antibody produced a band of �180 fibroblasts 24 h PT demonstrated that the percentage
of transfected cells, the level of transfection, andkDa (WB analysis) and showed specificity for nu-

clear epitopes (immunolabeling analysis) in porcine the percentage of dead cells increase significantly
when cells were treated with higher concentrationscells as predicted (Fig. 1). Incubation of fibroblast

cells with anti-5-methylcytidine antibody and Alexa of siRNA or siRNA/liposome ratio (Table 2). Cells
transfected with 1.5 µg of labeled control siRNA andFluor 488 shows the specificity of this antibody for

nuclear structures and its affinity for areas of highly 1:9 siRNA/liposome ratio produced the highest per-
centage of transfected cells (86.3 ± 1.0) and concen-compacted chromatin (Fig. 2).

Figure 1. Specificity of the anti-Dnmt1 antibody in porcine fibroblast cells. Analysis of porcine fibroblasts (PF) by Western blot demonstrated
that the antibody binds to a protein of the expected molecular weight for Dnmt1 (A). PF cells incubated with the anti-Dnmt1 and labeled
with an Alexa Fluor 488 antibody showed, as predicted, the specificity of the antibody for nuclear epitopes (B).
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Figure 2. Porcine fibroblasts stained with propidium iodide (A). Cells incubated with anti-5-methylcytidine antibody and labeled with Alexa
Fluor 488 (B). The staining pattern shows the specificity of the antibodies for nuclear structures and their affinity for areas of highly
compacted chromatin.

tration of intracytoplasmic FITC-siRNA (1679 ± 42
AUF). However, the percentage of dead cells (17.9 ±
0.1) was higher than in the other treatment groups.
Fibroblasts transfected with 1.0 µg (2 nM) of siRNA
and 1:6 siRNA/liposome ratio displayed a high trans-
fection efficiency (large percentage of transfected
cells with high concentration of intracellular siRNA)
and satisfactory percentage of viable cells. Therefore,
this siRNA concentration and ratio were used to
transfect porcine fibroblast cells with Dnmt1-specific
siRNA.

Downregulation of Dnmt1 Transcript by siRNA

Levels of Dnmt1 mRNA after lipofection varied
between cell lines and siRNA used. Thus, cell lines
seem to respond differently to siRNA treatment (Fig.
4). While the levels of Dnmt1 in cell lines PF1, PF2,
and PF4 decreased after lipofection with at least one
of the siRNAs used, PF3 appeared to be refractory to
siRNA treatments.

All the siRNAs caused a decrease in the level of
Dnmt1 in at least one of the four cell lines analyzed.
However, some combinations of siRNA/cell line
showed a higher reduction of Dnmt1. Lipofection
of PF1, PF2, and PF4 with siRNA4, siRNA3, and
siRNA2 produced a 77.2%, 43.7%, and 56.82% re-
duction in the level of Dnmt1 mRNA 6 h PT, respec-
tively. Reduced amounts of Dnmt1 transcript were
detected as early as 6 h PT and remained low for up
to 48 h in some cell lines.

Levels of Dnmt1 transcript changed with siRNA
Figure 3. Relative level of Dnmt1 mRNA (A) and methylated

treatment as well as with time in culture. Cell linesDNA in porcine fibroblast cells (B). Different letters indicate sig-
nificant difference in the level of gene expression of Dnmt1 or treated with nonsilencing and Dnmt1-specific siRNAs
DNA methylation after seeding (p < 0.05). Solid and dotted arrow displayed lower amounts of Dnmt1 RNA after reach-
indicates that cells reached 80% and 100% confluence, respec-

ing 100% confluence. As described earlier, cells syn-tively. Bars indicate SEM.
chronized in G0/G1 by contact inhibition have less
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TABLE 2
TRANSFECTION EFFICIENCY AND CELL VIABILITY OF PORCINE FIBROBLASTS TREATED WITH DIFFERENT FITC-LABELED

CONTROL siRNA CONCENTRATIONS AND RATIO BETWEEN siRNA CONCENTRATION AND LIPOSOME

siRNA (µg) siRNA/liposome (µg/µl) Transfected Cells ± SEM (%) Transfection Level ± SEM (AUF) Dead Cells ± SEM (%)

0.5 1:3 42.1 ± 1.4a1 670 ± 8a1 2.0 ± 0.2a1

1:6 61.6 ± 3.1b1 831 ± 16b1 3.0 ± 0.2a1

1:9 68.9 ± 0.5b1 1014 ± 2c1 6.7 ± 1.0b1

1.0 1:3 67.3 ± 1.3a2 908 ± 29a2 3.5 ± 0.1a1

1:6 84.1 ± 0.2b2 1443 ± 16b2 9.3 ± 0.7b2

1:9 77.8 ± 2.1ab1 1310 ± 35c2 18.2 ± 2.1c2

1.5 1:3 74.3 ± 0.6a3 1137 ± 18a3 11.6 ± 1.3a2

1:6 76.2 ± 2.0a1,2 1343 ± 33b2 13.5 ± 3.7a2

1:9 86.3 ± 1.0b2 1679 ± 42c3 17.9 ± 0.1a2

AUF, arbitrary units of fluorescence.a,b,cSignificant difference between siRNA/liposome ratio at every given siRNA concentration.1,2,3Signifi-
cant difference between siRNA concentration at every given ratio.

Dnmt1 content than cells in the other phases of the after siRNA treatment were also characterized by hy-
pomethylated DNA (Fig. 6). PF1/siRNA4 and PF4/cell cycle.
siRNA2 had lower levels of methylated DNA after 6
(25.7% and 34.8%, respectively) and 12 h PT (37.1%Levels of Dnmt3a and Dnmt3b RNA
and 24.5%, respectively) than cells transfected withAfter siRNA Transfection
the nonsilencing siRNA. After 24 h PT, the methyla-

The level of Dnmt3a and Dnmt3b RNA did not tion levels of these cells were reestablished or slightly
change significantly between the cell lines analyzed. increased. When PF2 was treated with siRNA3, a hy-
In porcine fibroblast cells, Dnmt3a transcript was ap- pomethylation pattern was detected for 48 h PT. The
proximately 10 times more abundant than Dnmt3b level of DNA methylation was reduced by a 27.8%,
RNA. Cells treated with Dnmt1-specific siRNA had 39.6%, 31.9%, and 49.4% at 6, 12, 24, and 48 h PT,
similar levels of Dnmt3a and Dnmt3b than cells respectively.
transfected with the nonspecific siRNA (Fig. 5).

Levels of Dnmt1 Protein After siRNA Transfection
DISCUSSION

Several treatment combinations effectively down-
RNAi technology has been used successfully toregulated the gene expression of Dnmt1; however,

silence specific genes in plants, invertebrates andonly cells with 50% or less of the normal level of
mammals. However, for a siRNA to cause sequence-this transcript had lower levels of Dnmt1 protein than
specific gene silencing, technical challenges need tountreated cells. Moreover, dramatic reductions in the
be overcome (47). The challenges include developinglevel of Dnmt1 RNA resulted in only a discrete re-
efficient ways of designing, identifying, and deliver-duction of the protein. Lipofection of PF1, PF2, and
ing effective siRNAs to cells, improving the accuracyPF4 with siRNA4, siRNA3, and siRNA2 led to a
with which susceptible sites in the target RNA mole-18.8%, 16.0%, and 24.7% reduction in the level of
cules can be identified, and obtaining inducible tis-Dnmt1 protein 6 h PT, respectively. The concentra-
sue- and cell-specific regulation of siRNA withouttion of Dnmt1 remained low for up to 24 h PT. Cells
causing nonspecific or toxic effects to the cells (30).treated with Dnmt1-specific and nonsilencing siRNAs

Because the effectiveness of siRNA treatmentsdisplayed similar levels of Dnmt1 protein 48 h PT.
varies between cell types and species, the optimi-
zation of a protocol to transfect siRNA into porcine

DNA Methylation Levels After Treatment With
fibroblast cells is essential to achieve significant

Dnmt1-Specific siRNA
downregulation of specific genes (1,18). Under the
transfection conditions used in this study, the percent-Levels of methylated DNA changed with time in

culture in siRNA-treated and control cells. Lower lev- age of transfected cells, transfection efficiency, and
cell viability were dependent upon siRNA and lipo-els of methylation were detected after cells reached

100% confluence and were synchronized in G0/G1 some concentration. Transfection of porcine cells
with elevated concentrations of siRNA and liposomephase of the cell cycle.

Cells exhibiting reduced levels of Dnmt1 protein caused high transfection efficiency but lower cell via-
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.Figure 4. Gene expression of Dnmt1 in PF1, PF2, PF3, and PF4 transfected with siRNA1, siRNA2, siRNA3, or siRNA4. Gray and black columns represent the level of gene expression

of Dnmt1 in control and siRNA-treated cells, respectively. Different letters indicate significant difference in the expression level of Dnmt1 over time. An asterisk indicates significant
difference in the level of Dnmt1 between cells transfected with specific or nonsilencing siRNA at every given time point (p < 0.05). Bars indicate SEM.
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Figure 5. Relative levels of Dnmt3a and Dnmt3b RNA of PF1, PF2, and PF4 transfected with siRNA4, siRNA3, and siRNA2, respectively.
Gray and black columns represent the relative level of the transcript in control and siRNA-treated cells, respectively. Different letters indicate
significant difference in the level of the transcript between cells transfected with specific or nonsilencing siRNA at every given time point
( p < 0.05). Bars indicate SEM.

bility. Previous gene silencing experiments in mam- lated genes are induced in a concentration-dependent
manner (38). Although RNAi mechanism itself is in-malian cells have used siRNAs at varying concentra-

tions, typically ranging from 1 to 200 nM (32,49). dependent of the interferon system, transfection of
21-bp siRNAs does trigger an interferon responseHowever, cells treated with high concentrations of

siRNA sequences display abnormal gene expression through protein kinase R (PKR), a double-stranded
RNA-dependent serine-threonine protein kinase, re-of nontargeted genes and cell death (32). Addition-

ally, Sledz et al. reported that some interferon-stimu- sulting in a generalized suppression of protein syn-

Figure 6. Relative levels of DNA methylation of PF1, PF2, and PF4 transfected with siRNA4, siRNA3, and siRNA2, respectively. Gray
and black columns represent the DNA methylation level of control and siRNA-treated cells, respectively. Different letters indicate significant
difference in the level of methylated DNA over time. An asterisk indicates significant difference in level of DNA methylation between
cells transfected with specific or nonsilencing siRNA at every given time point (p < 0.05). Bars indicate SEM. AUF, arbitrary units of
fluorescence.
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thesis, followed by cell death via apoptotic and non- reported, possible differences in the gene expression
level of the targeted gene between cell lines of theapoptotic pathways (4,53).

Moreover, high concentrations of liposomal deliv- same origin have not been analyzed (1,18). Our re-
sults indicate that some porcine cell lines appear to beery reagents, used for transfection of siRNA, can alter

nonspecific gene expression and cause lipid-mediated responsive to certain siRNAs but resistant to others.
Differences in the endogenous concentration of ADARtoxicity (12,30,47). Thus, these studies argue that ele-

vated concentrations of siRNA and liposome may have between species or cell types, as well as individual
cell lines, may explain the different gene expressionbroad and complicating effects beyond the selective

silencing of target genes when introduced into cells level of Dnmt1 after treatment with the Dnmt1-spe-
cific siRNAs in the four cell lines analyzed in this(4). These considerations underscore the importance

of determining the optimal transfection conditions, so study. The ability to accurately predict RNA second-
ary structures, as well as greater understanding of thethat high transfection efficiency and low cell mortal-

ity can be achieve, using minimal siRNA and lipo- siRNA resistance process, will reveal new mechanis-
tic insights that can be exploited for the design ofsome concentrations to avoid nonspecific effects and

cell mortality. highly effective siRNAs.
Somatic cells require a minimum basal level ofStudies indicate that regardless of optimized trans-

fection conditions, only a limited fraction of siRNAs Dnmt1 to stabilize the genome, regulate replication,
and methylate imprinted genes. Complete depletionappear capable of producing an effective reduction of

specific gene expression in mammalian cells (44). In of this transcript would result in cell death (3,45,50).
Therefore, the objective of this study was to partiallythis study, the gene expression level of Dnmt1 varied

between the siRNAs tested and porcine fibroblast cell downregulate the level of Dnmt1, in a transient man-
ner, rather than induce a total reduction of Dnmt1.lines used. The biological activity of the siRNAs

tested in this experiment may be influenced by local Of essential consideration in any knockdown ex-
periment is the protein’s half-life, its abundance, andcharacteristics of the target RNA and cellular resis-

tance to siRNA (22,24,30,51). the regulation of its expression (9). In differentiated
cells the apparent half-life of the Dnmt1 mRNA is 5The low activity of some siRNAs may be due to

nonaccessibility of mRNA for cleavage, caused by h (28). Thus, the effect of siRNAs specific for Dnmt1
should be observed shortly after transfection. In thishigher order structures or protein coverage (8). Addi-

tionally, the GC content of a particular target gene study, downregulation of Dnmt1 transcript was de-
tected 6 h PT and remained low for up to 48 h PTregion might affect its general accessibility to siRNA

indirectly through the effect on protein coverage or before gradually increasing, in what appeared to be
cell expansion dependent as a consequence of dilu-mRNA unwinding (20). Thus, the use of different

Dnmt1-specific siRNAs, targeting different regions tion of the siRNA with every division.
The porcine cell lines analyzed in this study dis-of the mRNA, increases the probability of finding a

highly effective siRNA. played significantly different levels of Dnmt1, sug-
gesting that, as proposed by Liu et al. (28), Dnmt1Additionally, siRNA resistance as a mechanism to

counteract RNAi-mediated gene silencing has been transcript is produced in excessive amounts to guar-
antee the fidelity of the methylation pattern duringpreviously described in mammalian cells. dsRNA in-

duces the homology-dependent degradation of cog- normal cell division. However, only a minimum con-
centration of Dnmt1 may be sufficient to preserve thenate mRNA in the cytoplasm via RNAi, but it is also

a target for adenosine-to-inosine RNA editing by methylation patterns characteristic of somatic cells
(39). Interestingly, PF3, which displayed the lowestadenosine deaminases acting on RNA (ADARs) (37).

Gene silencing by siRNA is significantly more effec- endogenous level of Dnmt1, was refractory to all the
siRNAs tested, while the remaining cell lines under-tive in transgenic mouse fibroblasts homozygous for

the ADAR null mutation than in wild-type cells. This went significant reduction of Dnmt1. These results
may indicate that cells with high native levels ofobservation was further supported by the suppression

of RNAi in fibroblast cells overexpressing functional Dnmt1 can undergo a significant reduction of Dnmt1
without affecting the steady-state level of Dnmt1ADAR, but not in cells overexpressing mutant ADAR

lacking double-stranded RNA-binding domains. The transcript or Dnmt1 protein.
The activity of Dnmt1 shows marked changes asresults provide convincing evidence that ADAR is a

cellular factor that limits the efficacy of siRNA in cells pass through the cell division cycle, with high
levels being expressed in the G2/M phase and lowmammalian cells (51).

Although differences in siRNA effectiveness be- levels in G0/G1 (21,48). Cells synchronized in G0/G1

either by differentiation, low serum conditions, ortween species and cell types have been previously
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contact inhibition display reduced levels of Dnmt1 Additionally, studies by Rhee et al. suggest that the
de novo Dnmts may be involved in the maintenancemRNA and Dnmt1 protein, while the transcription of

Dnmt1 was shown to remain relatively active in cy- of methylation levels in somatic cells (36). Thus,
Dnmt3a and Dnmt3b may compensate for the lackcling cells (28,42). These results demonstrated that

the steady-state level of Dnmt1 mRNA is tightly reg- of Dnmt1 and perpetuate the methylation levels after
Dnmt1 siRNA treatment. However, in this study theulated with the proliferative state of the cell (41). In

siRNA experiments, caution should be taken to ana- levels of Dnmt3a and Dnmt3b did not increase when
the RNA levels of Dnmt1 decreased.lyze cells at the appropriate growth phase because a

reduction in the level of Dnmt1 due to synchroniza- The use of alternative strategies may be essential
for the efficient reduction of DNA methylation intion of cells in G2/M phase can be confused with

downregulation of Dnmt1 mediated by direct effects porcine fibroblast cells. Multiple rounds of siRNA
treatments or the use of a mixture of siRNAs againstof the siRNA (53).

Previous studies have reported a reduction in the the same target sequence may decrease the expres-
sion of Dnmt1 and the subsequent methylation levels.level of Dnmt1 protein after inducing downregulation

of the transcript in transformed, immortal, and cancer In conclusion, the efficiency of RNAi treatments
depends on a variety of factors including siRNA se-cell lines (13,26,40). However, not all the Dnmt1

mRNA knockdown studies have reported reduction quence, cytoplasmic concentration of siRNA, acces-
sibility of the siRNA to the targeted RNA, and cellof the protein or DNA methylation (1,35,43). The re-

sults of this study indicate that discrete downregula- line transfected. The use of highly effective Dnmt1-
specific siRNAs resulted in a drastic reduction of thetion of Dnmt1 mRNA may not overcome the steady-

state level of Dnmt1 transcript necessary to cause a Dnmt1 transcript and a modest loss of the Dnmt1 en-
zyme. Moreover, porcine fibroblast cells displayingdecrease in the protein level. Moreover, a drastic re-

duction of Dnmt1 mRNA resulted in only a slight slightly lower levels of Dnmt1 protein had signifi-
cantly reduced levels of hypomethylated DNA, sug-decrease in protein production. However, this small

reduction in the protein concentration induced signifi- gesting that this enzyme is mainly posttranscription-
ally regulated. Subsequent use of these cells forcant hypomethylation of the genome. These data sug-

gest that although Dnmt1 mRNA abundance plays an SCNT, differentiation, and cancer studies will pro-
vide insight as to how methylation of the DNA af-important role during protein regulation, the Dnmt1

enzyme is mainly posttranscriptionally regulated. fects reprogramming.
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