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ABSTRACT. Sequences proximal to transgene integration sites are 
able to regulate transgene expression, resulting in complex position 
effect variegation. Position effect variegation can cause differences 
in epigenetic modifications, such as DNA methylation and histone 
acetylation. However, it is not known which factor, position effect or 
epigenetic modification, plays a more important role in the regulation 
of transgene expression. We analyzed transgene expression patterns 
and epigenetic modifications of transgenic pigs expressing green 
fluorescent protein, driven by the cytomegalovirus (CMV) promoter. 
DNA hypermethylation and loss of acetylation of specific histone 
H3 and H4 lysines, except H4K16 acetylation in the CMV promoter, 
were consistent with a low level of transgene expression. Moreover, 
the degree of DNA methylation and histone H3/H4 acetylation in the 
promoter region depended on the integration site; consequently, position 
effect variegation caused variations in epigenetic modifications. 
The transgenic pig fibroblast cell lines were treated with DNA 
methyltransferase inhibitor 5-Aza-2’-deoxycytidine and/or histone 
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deacetylase inhibitor trichostatin A. Transgene expression was promoted 
by reversing the DNA hypermethylation and histone hypoacetylation 
status. The differences in DNA methylation and histone acetylation 
in the CMV promoter region in these cell lines were not significant; 
however, significant differences in transgene expression were detected, 
demonstrating that variegation of transgene expression is affected by 
the integration site. We conclude that in this pig model, position effect 
variegation affects transgene expression.

Key words: PEV; DNA methylation; Histone acetylation; 
Transgene expression; Transgenic pig

INTRODUCTION

Transgenic technology has greatly facilitated our understanding of gene function, 
producing pharmaceutical proteins, and generating models for the study of human diseases. 
However, transgenes hardly express as people expected in transgenic animals and cell lines, 
and their expression level is predictable only to a limited extent (Houdebine, 2002). This could 
be mainly attributed to PEV (Gronbaek et al., 2007).

In PEV, host sequences proximal to the integration site can influence transgene ex-
pression in a positive or negative way. When a transgene is inserted into close proximity to 
heterochromatin such as telomere and centromere regions, its activity can become unstable, 
resulting in variations in expression level referred to as mosaicism or variegation (Eszterhas 
et al., 2002). Genomic DNA surrounding a well-expressed transgene favors the expression 
of another transgene when inserted into it, such as the ROSA26 locus in mouse (Strathdee et 
al., 2006; Irion et al., 2007). The phenomena which govern this effect seem rather complex. 
Subtle interactions between transgene and genomic DNA sequences seem to influence ex-
pression (Cranston et al., 2001). Thus, PEV is often an obstacle to obtaining transgene stable 
expression cell lines, and the same problem is common in the application of transgenic ani-
mals (Whitelaw et al., 2001). It has also been revealed that PEV appears to be the result of the 
spreading of a compacted chromatin state from heterochromatin to adjacent transgenes and the 
process is regulated by chromatin remodeling (Ebert et al., 2004, 2006).

Chromatin remodeling is thought to involve DNA methylation and, more importantly, 
histone acetylation. It is well established that DNA hypermethyaltion via forming compacted 
chromatin to prevent transcription factors binding can repress gene expression (Miranda and 
Jones, 2007). In DNA methylation, the repression is often brought about by methylation of 
CpG dinucleotides clustered to form CpG islands, which are usually located in the promoter 
(Esteller and Herman, 2002). Histone deacetylation at specific residues, mainly in histone H3 
and H4, is also a suggested epigenetic modification, which suppresses gene expression by 
leading to chromatin condensation through interactions of the free lysine residues (Kouza-
rides, 2007). Recent studies reveal that regulation of histone acetylation can be functionally 
linked to reinforce the activation or repression of gene expression (Lee et al., 2007; Duncan et 
al., 2008; Li at al., 2008). Thus the level of the DNA methylation and histone acetylation in the 
promoter region can serve as an indicator of gene activity (Grassi et al., 2003).

An understanding of all the factors influencing transgene expression would be es-



©FUNPEC-RP www.funpecrp.com.brGenetics and Molecular Research 11 (1): 355-369 (2012)

Position effect on transgene 357

sential for effective production of transgenic animals and cell lines for various applications. 
In this study, we employed transgenic pigs produced by SCNT, expressing GFP driven by the 
CMV promoter, to check a position effect on transgene expression and analyze DNA meth-
ylation and histone acetylation marking on the CMV promoter. We observe that PEV may be 
mainly determined by an integration site involved with the variegation of DNA methylation 
and histone acetylation.

MATERIAL AND METHODS

Establishment of transgenic pigs

Fibroblast cells derived from E32 fetuses were transfected using the liposome-mediated 
plasmid pEGFP-C1 (Clontech) containing eGFP driven by the CMV promoter. Integration 
was based on a random insertion of the nonhomologous DNA vector into the host genome. 
After G418 selection, surviving cells were used as nuclear donors, and nuclear transfer was 
preformed as described (Liu et al., 2008). Positive transgenic pigs were identified by PCR 
using primers P1 and P2. The sequences of the primers were 5'-TGAACCGCATCGAGCT 
GAAGGG-3' (forward) and 5'-TCCAGCAGGACCATGTGATCGC-3' (reverse), and PCR 
generated a 308-bp product. All DNA samples were extracted using the Universal Genomic 
DNA Extraction Kit Ver. 3.0 (TaKaRa) according to manufacturer instructions.

Transgene integration site analysis

Thermal asymmetric interlaced (TAIL)-PCR, which relies on a series of PCR reac-
tions with transgene specific and degenerate primers, was used for amplifying the site of inte-
gration of the transgene as described (Pillai et al., 2008). Junction PCR combined with trans-
gene specific and integration site primers was performed to confirm the integration sites. The 
products of the third round of walking PCR were sequenced and analyzed by BLAST in the 
pig genome and EST database. The sequences of primers and detailed methods were described 
in the previous report (Kong et al., 2009a).

Q-PCR analysis

Total RNAs were extracted from each sample using the PureLinkTM Micro-to-Midi 
system (Invitrogen) according to manufacturer instructions, and reverse transcription was 
used to generate cDNAs using PrimeScriptTM RT Reagent Kit (TaKaRa). Real-time PCR was 
performed using SYBR Premix Ex TaqTM (TaKaRa) and the 7500 Real-Time PCR System 
(Applied Biosystems), with the following parameters: 95°C for 30 s, followed by 40 two steps 
cycles at 95°C for 5 s and at 60°C for 34 s. Primers for the GFP gene were 5'-TGAACCG 
CATCGAGCTGAAGGG-3' (forward) and 5'-ACCTTGATGCCGTTCTTCTGCTTG-3' (re-
verse). The β-actin gene was used as a reference gene and the primer sequences were 5'-AG 
ATCGTGCGGGACATCAAG-3' (forward) and 5'-GCGGCAGTGGCCATCTC-3' (reverse). 
The sizes of the amplification products were 110 bp for the GFP gene, and 93 bp for the β-actin 
gene. For each cDNA sample, both target and reference genes were always amplified inde-
pendently in triplicate on the same plate and in the same experimental run. A melting curve 
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analysis showed that all reactions were free of primer-dimers or other non-specific products 
(data not shown). Ct values were calculated by the Sequence Detection System software (Ap-
plied Biosystems), and the amount of target sequence normalized to reference sequence was 
calculated as: 2-DDCt.

Cell culture and treatments

Fibroblast cells isolated from ear of the transgenic pigs were cultured and prolifer-
ated in DMEM+20% FBS (Gibco). Cells were treated with media containing 0.25 µM TSA 
(Sigma) for 24 h to inhibit histone deacetylation or 0.5 µM 5-aza-dC (Sigma) for 48 h to 
inhibit DNA methylation. After treatment, cells were harvested for the analysis of transgene 
expression, DNA methylation and histone acetylation.

Flow cytometry

The fluorescence intensities of the transgenic fibroblast cells were analyzed in an 
FACS Calibur (Becton-Dickinson). The argon laser was tuned to 488 nm, and fluorescent cells 
were evaluated with a 525 nm band-pass filter. Dead cells and debris were excluded from the 
analysis by gating for intact cells using the forward and sideward scatter. Untransfected cells 
were always included as a control to detect autofluorescence.

Bisulfite sequencing analysis of CMV promoter methylation

Bisulfite modification was performed on 0.3 µg of DNA from each sample using the 
EZ DNA Methylation-GoldTM Kit (Zymo research) according to the instruction manual. PCR 
primers were designed to amplify the CMV by MethPrimer software available on line (http://
www.urogene.org/methprimer/). The software was also used to predict CpG islands and CpG 
sites in the sequence. The following PCR primers could efficiently and specifically amplify a 278-
bp region containing one CpG island with 14 CpG sites: gps: 5'-TGATTTTATGGGATTTTTT 
TATTTG-3' (forward) and gpa: 5'-ATTCACTAAACCAACTCTACTTATATAAAC-3' (re-
verse). None of these bisulfite dependent residues lie within the first six bp of the 3'-end of the 
primers, so if some of these were not bisulfate-converted, this effect on the efficiency of the 
primer would be limited. The amplification of bisulfited-modified DNA was performed using 
Hot start TaqTM polymerase (TaKaRa) with the following conditions: 94°C for 5 min, followed 
by 40 three step cycles at 94°C for 30 s, 52°C for 30 s and at 72°C for 1 min. The PCR products 
were separated on 1% agarose gels and purified, followed by sequencing (Invitrogen). The pres-
ence of a cytosine residue after bisulfite treatment shows that the cytosine residue was protected 
from bisulfite modification by methylation. For each DNA sample, the number of protected 
cytosine residues was counted and converted to a percentage of the 14 CpG cytosines present 
in the 278-bp region of the CMV that was analyzed. As a control, the pEGFP-C1 plasmid was 
treated and analyzed. At least ten clones were sequenced and analyzed for each sample.

Chromatin immunoprecipitation analysis of histone acetylation on the CMV promoter

Tissue and cell ChIP assays were carried out using the Acetyl-Histone Immunoprecip-
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itation (CHIP) Assay Kit (Millipore) with the following specific details or modifications. Cells 
were harvested and mixed with formaldehyde at a final concentration of 1.0% for 10 min at 
37°C to cross-link protein to DNA. Cells were rinsed with cold PBS containing 1 mM PMSF 
(Amresco) and resuspended in SDS lysis buffer. Lysates were sonicated using an Ultrasonic 
Homogenizer 4710 series to shear DNA into 200-1000 bp fragments. Protein-DNA complexes 
were immunoprecipitated using antibodies to acetyl-H3/H4 (Millipore), acetyl-K16 H4 (Mil-
lipore) and acetyl-K9 H3 (Millipore). Five µL of each specific antibody was added to lysates 
and incubated overnight at 4°C. To reduce nonspecific background, immunocomplexes were 
blocked with salmon sperm DNA/Protein A Agarose Slurry by incubating for one hour at 4°C 
before chromatin immunoprecipitation. Beads were washed once with each of the following: 
low salt buffer, high salt buffer, LiCl buffer, and twice with TE buffer. Immunocomplexes 
were eluted by incubating beads at room temperature for 15 min in 250 µL elution buffer 
(0.1 M NaHCO3, 1% SDS), and the cross-links were reversed by incubating at 65°C for 4 h. 
After incubation with 0.2 mg/mL RNase A at 37°C for 2 h and 0.2 mg/mL Proteinase K at 
45°C for 1 h, DNA was purified using the TOPureTM Gel/PCR Purification Kit (Gene Tech). 
Q-PCR was used to analyze the immunoprecipitated DNA as described above. Primers for the 
CMV promoter were 5'-CCTGGCATTATGCCCAGTACATGACC-3' (forward) and 5'-GGTG 
GAGACTTGGAAATCCCCGTG-3' (reverse), and the primers for the β-actin promoter, as 
a control, were 5'-TACCCACCCATTCGTCCTTTCATATTGC-3' (forward) and 5'-CCTCT 
TAGAGTCTGGTCCTGATTAGTTCGTG-3' (reverse). The sizes of the amplification prod-
ucts were 156 bp for the CMV promoter and 150 bp for the β-actin promoter. For each DNA 
sample, both CMV and control promoters were always amplified independently in triplicate 
on the same plate and in the same experimental run. The melting curve analysis showed that 
all reactions were free of primer-dimers or other non-specific products (data not shown). The 
Ct value was calculated by the Sequence Detection System software (Applied Biosystems), 
and the amount of target normalized to reference was calculated by: 2-DDCt.

Statistical analysis

Statistical analysis was performed using SPSS 13.0 for MicroSoftTM Windows. Data 
are shown as mean ± SD. One-way ANOVA was used to assess differences between groups. 
Paired-Samples T Test was performed to assess the differences of GFP expression, DNA meth-
ylation and histone acetylation between two transgenic pigs in all tissues considered. The 
Duncan method was employed for pairwise comparison and followed by Bonferroni correc-
tion. P < 0.05 (two-tailed) was considered statistically significant.

RESULTS

Generation of transgenic pigs

A total of 1978 reconstructed embryos were transferred to ten recipients. Three recipients 
became pregnant and four founder GFP-positive transgenic pigs were born at full term. The overall 
efficiency of transgenic pig production was 0.69%. Finally, two female pigs, named K25-2 and 
K25-3, survived to develop into adults (the others died at birth), and in the study, the two transgenic 
pigs were employed to analyze the expression and epigenetic modifications of the transgene.
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Position effect on transgene expression

The integration sites were cloned and determined by TAIL-PCR and junction PCR 
as described in a previous report (Kong et al., 2009a). The integration site in K25-2 is within 
an L1M LINE element, and it is known to be involved with retrotransferase expression. Due 
to the repetitive nature of these sequences, the L1M LINE element could not be deciphered, 
so it is not an active element (Shyman and Weaver, 1985; Loeb et al., 1986). That suggests a 
position effect on GFP expression and that the integration site may lead to transgene silencing. 
In K25-3, the integration site significantly matched the pig EST EV932945 (99%) which is 
homologous with Aatf. This gene is expressed in oocytes, embryos, ear, brain, liver and so on 
(Gray et al., 2004; Cobellis et al., 2005; Bailey et al., 2006), so it appears that this region is 
transcriptionally active and could permit the transcription of transgenes.

By Q-PCR analysis, GFP mRNA expression was detected in all of the tissues studied 
for K25-2 and K25-3, namely intestine, ovary, lung, liver, tongue, kidney, heart, spleen, stom-
ach, brain and ear (Figure 1). In K25-2, mRNA levels were significantly higher in liver, heart 
and stomach compared to ovary, tongue, spleen and brain (P < 0.001). In K25-3, significantly 
higher levels of mRNA expression were detected in the liver, kidney, brain, spleen and ear 
compared to the intestine, ovary and lung (P < 0.001). Considering all tissues, the difference 
of GFP mRNA expression between the two transgenic pigs was not significant (P = 0.414); 
however, we found that in most tissues, except in ovary (P = 0.063), the GFP mRNA levels 
between K25-2 and K25-3 were significantly different (P < 0.001), indicating a position effect 
on transgene expression. In general, expression and epigenetic modifications are function-
ally related, so expression variegation between the two transgenic pigs could be also due to 
the spread of the epigenetic modifications marking on the promoter of the transgene (Grassi, 
2003). Therefore, we analyzed the DNA methylation and histone acetylation of the CMV pro-
moter in the two transgenic pigs.

Figure 1. Variegation of GFP expression in various tissues of transgenic pigs. GFP mRNA expression levels 
were detected by Q-PCR analysis in various tissues of K25-2 and K25-3. Significant differences of GFP mRNA 
expression were shown in the tissues of K25-2 (P < 0.001) and K25-3 (P = 0.016). In most tissues, except in ovary 
(P = 0.063), the differences between K25-2 and K25-3 were significant (P < 0.001). Error bars denote standard 
deviations.
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Differential methylation of CMV promoter

Transgene expression may be repressed by DNA methylation (Grassi, 2003). There-
fore, the methylation status of a 278-bp region in the CMV promoter containing one CpG 
island with 14 CpG sites in various tissues of K25-2 and K25-3 was examined (Figure 2). The 
bisulfite sequencing method is able to reveal the methylation status of all the cytosine residues 
in a DNA region of interest (Grunau et al., 2001). In the study, the pEGFP-C1 plasmid was 
treated by bisulfite modification and analyzed as a control. On average, 99% of the cytosine 
residues in the plasmid were converted to thymidine, indicating that the bisulfite conversion 
reaction on other samples was at least 99% efficient.

Figure 2. Variegation of CMV promoter methylation in various tissues of transgenic pigs. CMV promoter 
methylation status in various tissues of K25-2 and K25-3 was shown by the bisulfite sequencing method. The 
methylation status of a 278-bp region of the CMV promoter containing one CpG island with 14 CpG sites was 
examined. Methylated and non-methylated CpGs dinucleotides of each clone are illustrated with closed and open 
circles, respectively. The variegations of CMV methylation status were observed. The difference in K25-2 was 
significant (P < 0.001), but in K25-3 (P = 0.163) was not. The differences of CMV methylation in these tissues 
between K25-2 and K25-3 were observed and the differences in tongue (P = 0.034), heart (P = 0.007), stomach (P 
< 0.001) and brain (P = 0.011) were significant.
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Variegations of CMV methylation were observed in various tissues of K25-2 and 
K25-3. The difference in K25-2 was significant (P < 0.001), but in K25-3 (P = 0.163) it 
was not. In K25-2, there was a hypermethylation status in ovary (60.0%), spleen (66.4%) 
and brain (78.6%), and a hypomethylation status in liver (26.9%), tongue (17.8%), kidney 
(35.5%) and heart (10.0%). Moreover, the CMV promoter was in an unmethylated status 
in stomach of K25-2 (0%). While, in K25-3, the intestine (52.7%), ovary (57.4%), lung 
(56.5%) and spleen (64.2%) were in a hypermethylation status, and the liver (35.7%), kid-
ney (28.6%), brain (34.3%) and ear (37.1%) were in a hypomethylation status. Though, on 
the whole, the CMV methylation levels between K25-2 and K25-3 were not significantly 
different (P = 0.325), the differences of CMV methylation in tongue (P = 0.034), heart 
(P = 0.007), stomach (P < 0.001) and brain (P = 0.011) between K25-2 and K25-3 were 
significant and could have resulted from a position effect on transgene methylation. In the 
study, except in tongue of K25-2 and in spleen of K25-3, a hypermethylation status of CMV 
promoter corresponded to a low level of transgene expression, similarly, a hypomethylation 
status corresponding to a high level of expression, indicating that transgene expression is 
associated with promoter methylation status.

Histone acetylation on CMV promoter

In general, increased histone acetylation is consistent with increased gene activa-
tion and vice versa (Jenuwein and Allis, 2001). Therefore, the enrichments of acetyl-H3/H4, 
acetyl-K9 H3 (referred to as an activating mark) and acetyl-K16 H4, in the CMV promoter 
region in various tissues of K25-2 and K25-3 were quantified by chromatin immunoprecipi-
tation (ChIP) analysis (Figure 3).

Significant differences of histone acetylation at the CMV promoter were ob-
served in various tissues of K25-2 and K25-3. As expected, tissues expressing high levels 
of GFP have a histone acetylation pattern at the CMV promoter consistent with active 
expression. Specifically, transgene expression was associated with the levels of H3 (Fig-
ure 3A), H3K9 (Figure 3B) and H4 (Figure 3C) acetylation relative to the modification 
levels measured at the active β-actin promoter, but no close correlation of transgene 
expression with H4K16 acetylation was observed (Figure 3D). Furthermore, on all tis-
sues considered, the differences of histone acetylation in H3, H3K9, H4 and H4K16 
were not significant between K25-2 and K25-3 (P = 0.680, 0.516, 0.944 and 0.339, re-
spectively); however, in most cases, the differences of histone acetylation between the 
same tissue of the two transgenic pigs were significant (P < 0.05), except acetyl-H3 in 
ovary (P = 0.874), acetyl-H4 in heart (P = 0.612), acetyl-K16 H4 in ovary (P = 0.901) 
and spleen (P = 0.792). Differences of H3K9 acetylation were significant in all the tis-
sues between K25-2 and K25-3 (P < 0.001), suggesting that H3K9 acetylation could play 
a decisive role in the regulation of transgene expression. These results reveal that DNA 
hypermethylation and loss of acetylation of specific histone H3 and H4 lysines, except 
H4K16 acetylation, in the CMV promoter are consistent with the low level of transgene 
expression. Moreover, transgene expression and promoter epigenetic modifications are 
associated with the integration site, and a position effect is involved with variegation of 
epigenetic modifications.
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5-Aza-dC and/or TSA treatment regulate transgene expression and epigenetic 
modification

One of the hallmarks of epigenetic modification is reversible (Reik, 2007). In order 
to check which factor, position effect or epigenetic modification is more significant in the 
determination of transgene expression, we employed 5-Aza-dC and TSA to treat fibroblast 
cell lines of K25-2 and K25-3, expecting the treatment would be able to reverse the epigenetic 
modifications of the CMV promoter, and then test the position effect on transgene expression.

Changes in GFP mRNA level and rate of GFP expressing cells were measured in 
fibroblast cell lines of K25-2 and K25-3 after 5-Aza-dC and/or TSA treatment by Q-PCR (Fig-
ure 4A) and flow cytometry analysis (Figure 4B). Significant increases of transgene expres-
sion were observed in both cell lines after 5-Aza-dC and/or TSA treatment (P < 0.001). Spe-
cifically, combining treatment with 5-Aza-dC and TSA induced the most apparent increase. 
DNA methylation levels at the CMV promoter in two cell lines after 5-Aza-dC and/or TSA 
treatment were measured by bisulfate sequencing (Figure 5). As expected, the CMV methyla-

Figure 3. Variegation of histone acetylation at the CMV promoter in various tissues of transgenic pigs. A. ChIP 
analysis measuring acetylated histone H3 marking at the CMV promoter in various tissues of K25-2 and K25-
3. On all tissues considered, the difference between K25-2 and K25-3 was not significant (P = 0.680); however, 
except acetyl-H3 in ovary (P = 0.874), the differences in other tissues were significant (P < 0.05). B. ChIP analysis 
measuring acetylated histone H3K9 marking at the CMV promoter in various tissues of K25-2 and K25-3. Though, 
on all tissues considered, the difference between K25-2 and K25-3 was not significant (P = 0.516), the differences in 
these tissues between K25-2 and K25-3 were significant (P < 0.001). C. ChIP analysis measuring acetylated histone 
H4 at the CMV promoter in various tissues of K25-2 and K25-3. On all tissues considered, the difference between 
K25-2 and K25-3 was not significant (P = 0.944); however, except acetyl-H4 in heart (P = 0.612), the differences in 
other tissues were significant (P < 0.05). D. ChIP analysis measuring acetylated histone H4K16 at the CMV promoter 
in various tissues of K25-2 and K25-3. On all tissues considered, the difference between K25-2 and K25-3 was not 
significant (P = 0.339); however, except acetyl-K16 H4 in ovary (P = 0.901) and spleen (P = 0.792), the differences 
in other tissues were significant (P < 0.05); Immunoprecipitated DNA levels were quantified by Q-PCR relative to 
the modification levels measured at the active β-actin promoter. Error bars denote standard deviations.
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tion levels were decreased markedly, and the treatment by 5-Aza-dC, DNA methyltransferase 
inhibitor, revealed significantly reduced levels in both cell lines (P < 0.001). Corresponding 
to the increased expression, the levels of histone acetylations enrichment at the CMV pro-
moter increased significantly after 5-Aza-dC and/or TSA treatment (P < 0.001), except for 
H4K16 acetylation that showed little response to 5-Aza-dC treatment (P = 0.136 in K25-2; P 
= 0.819 in K25-3). Specifically, the treatment by TSA, histone deacetylase inhibitor, induced 
a greater increase in acetylation level. From the results, we also found DNA methylation was 
sensitive to both 5-Aza-dC and TSA treatment, though more sensitive to 5-Aza-dC treat-
ment; however, in contrast, histone acetylation only showed a sensitive response to TSA 
treatment but little response to 5-Aza-dC treatment, suggesting TSA had a dual function in 
epigenetic regulation. Moreover, in the study, there was no significantly higher GFP mRNA 
level detected after TSA treatment compared to 5-Aza-dC treatment in the K25-2 cell line (P 
= 0.074); however, a significantly higher expression level was found in the K25-3 cell line (P 
< 0.001). That may be due to the higher methylation level at the CMV promoter in the K25-2 
cell line and stronger response to histone deacetylase inhibitor treatment in the K25-3 cell 
line (Figure 6).

Combining treatment with 5-Aza-dC and TSA simultaneously resulted in a synergis-
tic induction of GFP expression with a more significant increase compared to either treatment 
on its own in both cell lines and the CMV promoter status of DNA hypermethylation and 
histone hypoacetylation was significantly reversed (P < 0.001), suggesting at best an additive 
effect on transgene expression and epigenetic regulation. Furthermore, after the combination 
treatment, DNA methylation and enrichment of histone acetylations at the CMV promoter, 
except H4K16 acetylation, reached a similar level without a significant difference (P > 0.05), 
and the difference of transgene expression level between K25-2 and K25-3 cell lines declined 
from approximately 1-fold to 0.3-fold in mRNA level and 0.5-fold to 0.1-fold in rate of GFP 
expressing cells; however, the expression difference was still significant (P < 0.001), suggest-
ing transgene expression level could be mainly regulated by a position effect.

Figure 4. GFP expression in fibroblast cell lines of transgenic pigs after 5-Aza-dC and/or TSA treatment. GFP 
expression was detected by Q-PCR and flow cytometry analysis in fibroblast cell lines of K25-2 and K25-3 after 
5-Aza-dC and/or TSA treatment. (A) Inhibition of DNA methylation and histone deacetylation significantly 
increased GFP mRNA levels in transgenic cell lines of K25-2 and K25-3 (P < 0.001); (B) The rate of GFP positive 
cells in transgenic cell lines increased with significant differences by inhibition of DNA methylation and histone 
deacetylation (P < 0.001). Combination treatment with 5-Aza-dC and TSA simultaneously resulted in a synergistic 
induction of GFP expression with a more significant increase compared to either treatment alone in both cell lines. 
Error bars denote standard deviations.
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Figure 5. Methylation status of the CMV promoter in fibroblast cell lines of transgenic pigs after 5-Aza-dC and/
or TSA treatment. CMV promoter methylation status in fibroblast cell lines of K25-2 and K25-3 was shown by the 
bisulfite sequencing method after 5-Aza-dC and/or TSA treatment and the CMV methylation levels were decreased 
markedly. The treatment by 5-Aza-dC alone or the combination of two agents revealed significantly reduced levels 
in these cell lines (P < 0.001). Furthermore, the CMV promoter methylation status showed no significant difference 
between the two cell lines after the combination treatment (P = 0.911). Error bars denote standard deviations.

Figure 6. Histone modifications at the CMV promoter in fibroblast cell lines of transgenic pigs after 5-Aza-dC 
and/or TSA treatment. A to D: ChIP analysis measuring acetylated histone H3, H3K9, H4 and H4K16 marking at 
the CMV promoter in fibroblast cell lines of K25-2 and K25-3 after 5-Aza-dC and/or TSA treatment. The levels 
of histone acetylations enrichment at the CMV promoter were significant increased after 5-Aza-dC treatment (P < 
0.001), except H4K16 acetylation (P = 0.136 in K25-2 and P = 0.819 in K25-3). By TSA alone or the combination 
of two agents significant increases were observed in all these histone modifications (P < 0.001) and the combination 
treatment induced more markedly. Except for acetyl-H4K16 (P < 0.001), the acetylation enrichment showed no 
significant difference between the two cell lines after the combination treatment (P = 0.137 in acetyl-H3, P = 0.906 
in acetyl-H3K9 and P = 0.712 in acetyl-H4). Error bars denote standard deviations.
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DISCUSSION

To our knowledge, this is the first study to systematically analyze the effect of a posi-
tion effect and promoter epigenetic modifications on transgene expression in large domestic 
animal models. We presented transgene expression pattern and epigenetic analysis of two 
transgenic pigs with GFP gene integrated into different integration sites under the control of 
the CMV promoter.

Previous reports have demonstrated the variegation of transgene expression in differ-
ent tissues of transgenic animals (Villuendas et al., 2001; Yang et al., 2008), and the phenom-
enon was further evident in our study. The variegation in transgene expression is attributed to 
either copy number effect or, more importantly, a position effect (Kaufman et al., 2008). In our 
previous report, 18.87, 30.58 copies respectively in K25-2 and K25-3 have been detected by 
absolute quantitative real-time PCR and the copy number effect has been demonstrated (Kong 
et al., 2009b). In this study, the position effect was mainly checked.

Sequences proximal to transgene integration sites are able to regulate transgene ex-
pression resulting in complex PEV (Clark et al., 1994). Previous experimental data have re-
vealed the view that enhancers and silencers from neighbor genes are supposed to activate or 
inactivate transgenes, and some insulators have been shown to stimulate transgene expres-
sion by preventing the local formation of inactive heterochromatin (Houdebine, 2002). In this 
study, the transgene integration sites in K25-2 and K25-3 were checked and single different 
integration sites were detected in the two transgenic pigs. It is consistent with previous reports 
that when the integration is within a permissive region as in K25-3, the transgene can be ac-
tively transcribed (Cranston et al., 2001). While, interestingly, in K25-2, the integration is in 
an L1M LINE element where the transgene should be repressed (Mehta et al., 2009); however, 
we observed transgene expression in all tissues detected. Furthermore, we found the GFP ex-
pression levels between K25-2 and K25-3 were varied in most tissues. We suppose PEV may 
be related to the different integration sites in the two transgenic pigs.

In addition, PEV is often associated with variegation of epigenetic modifications. In 
the study, we observed that position effect is involved with epigenetic markings at the CMV 
promoter including DNA methylation and histone acetylation. Consistent with previous re-
ports, hypomethylation corresponded to a high level of transgene expression in all the tissues 
detected of K25-2 and K25-3 and vice versa (Tshuikina et al., 2008). Moreover, variegations 
of CMV methylation in most tissues between K25-2 and K25-3 were observed and could 
be due to a position effect. It is proposed that DNA methylation is not always sufficient to 
regulate expression, but interaction with transcription repressors and/or repressive chromatin 
organization is also required. In general, histone acetylation is mainly associated with the 
formation of active chromatin structure and promoting the binding of chromatin-associated 
proteins. Deacetylation of histone H3 and H4 lysines are critically involved in the silencing of 
transgenes (Chen and Townes, 2000). In the study, the enrichments of acetyl-H3/H4, acetyl-
K9 H3 and acetyl-K16 H4, in the CMV promoter region, in various tissues of K25-2 and K25-
3 were checked. Consistent with previous reports, transgene expression tightly correlated with 
H3, H3K9 and H4 acetylation, in contrast, H4K16 acetylation did not show the point, which 
is consistent with the previous points that acetyl-K16 H4 could regulate gene expression by 
a dual mechanism, disrupting formation of higher-order chromatin structure and changing 
the binding of chromatin-associated proteins (Shogren-Knaak et al., 2006). Variegations of 
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histone acetylation at the CMV promoter in most tissues between K25-2 and K25-3 were ob-
served, indicating a position effect on histone acetylation.

The above results reveal that transgene expression is regulated by both position effect 
and epigenetic modification, while epigenetic modifications are involved with position effect. 
However, which factor, position effect or epigenetic modification is more significant in the 
determination of transgene expression is unclear. In order to check the point, transgene expres-
sion and promoter epigenetic modification were checked in fibroblast cell lines of K25-2 and 
K25-3 after 5-Aza-dC and/or TSA treatment. A significant increase of transgene expression 
in both cell lines was induced after treatment. Furthermore, we also found DNA methylation 
was sensitive to both 5-Aza-dC and TSA treatment, though more sensitive to 5-Aza-dC treat-
ment. In contrast, histone acetylation only showed a sensitive response to TSA treatment but 
little response to 5-Aza-dC treatment, revealing the dual function of TSA to epigenetic regula-
tion. These results demonstrate that DNA methyltransferase inhibitor 5-Aza-dC and histone 
deacetylase inhibitor TSA can promote transgene expression by reversing the DNA hyper-
methylation and histone hypoacetylation status. The combination treatment with both agents 
resulted in a synergistic activation of the transgene and reversion of DNA hypermethylation 
and histone hypoacetylation at the CMV promoter, suggesting a cross talk between histone 
acetylation and DNA demethylation. However, the difference in transgene expression level 
between K25-2 and K25-3 cell lines was still significant, while DNA methylation and enrich-
ment of histone acetylations at the CMV promoter, except H4K16 acetylation, were reversed 
to a similar level without significant difference, so we propose a position effect may be mainly 
responsible for the difference of transgene expression between K25-2 and K25-3 cell lines and 
that could be contributed to by enhancers, silencers and insulators proximal to the integration 
sites (Eszterhas et al., 2002).

CONCLUSIONS

In this study, we employed two transgenic pigs expressing GFP under the control of 
the CMV promoter to analyze a position effect and epigenetic modifications on the regulation 
of transgene expression. We found that the position effect is associated with integration sites, 
and can control transgene expression directly by regulatory elements, such as enhancers and 
silencers, and indirectly by epigenetic modifications. In summary, our results provide a clear 
demonstration that PEV may be mainly determined by integration sites involved with the var-
iegation of epigenetic modifications.
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