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DNA methylation may restrict the activity of gene transfer 
vectors due to inadvertent silencing. In P19 embryonic car-
cinoma cells in vitro, we found that transgene expression 
regulated by the SFFV LTR and EF1α promoter declined 
rapidly within 16 days, but for A2UCOE derived from 
the human HNRPA2B1-CBX3 housekeeping gene locus, 
remained completely stable. Silencing correlated with 
extensive epigenetic methylation of CpG sites, whereas 
the A2UCOE was almost completely resistant. Linking of 
the A2UCOE upstream of the SFFV LTR protected this ele-
ment from both DNA methylation and silencing. Analysis 
of engrafted hematopoietic cells in vivo transduced with 
the same vectors revealed a similar pattern. The A2UCOE 
displayed little or no methylation in either primary or sec-
ondary graft recipients, and gene expression profiles were 
highly conserved between the two groups. These studies 
provide convincing evidence that DNA methylation plays 
a direct role in regulating self-inactivating (SIN) lentiviral 
transgene expression, and that the stability of expression 
from the A2UCOE is, at least in part, due to methylation 
resistance. The A2UCOE therefore has considerable util-
ity for gene therapy applications where reliable and sus-
tained gene expression is desirable.
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Introduction
Research in recent years has demonstrated that retroviral vector–
mediated gene transfer into hematopoietic stem cells (HSCs) is a 
useful and promising tool for the treatment of inherited hemato-
logical disorders.1–8 Despite the recent successes and developments 
in this area, there remain two major potential problems that could 
compromise further clinical application of integrating vector-
based gene transfer. First, there is a safety concern due to enhancer-
mediated insertional mutagenesis, which has been observed in 
clinical trials using gammaretroviral vectors.6,9,10 This risk may be 
partially reduced, but not abolished, by the use of self-inactivating 
(SIN) configurations in which alternative regulatory elements are 
incorporated.11,12 Second, evidence has accumulated that transgene 

expression in both gammaretroviral and lentiviral vectors (LVs) 
may be subject to epigenetic (DNA methylation, histone modifica-
tion) silencing both in vitro and in vivo.13–21 Efforts have been made 
to tackle this problem by flanking transgenes with chromatin insu-
lators, including the chicken β-globin locus control region HS4 
element (cHS4). However, introduction of this element has, at best, 
conferred only partial protection in a cell-dependent manner.22,23 
In addition, the inclusion of the cHS4 insulator within LVs can 
result in a significant reduction in production efficiency, thereby 
further compromising its utility for gene therapy applications.24,25

We have previously assessed the use of a novel enhancer-less 
ubiquitous chromatin opening element (UCOE), derived from the 
human HNRPA2B1-CBX3 locus (A2UCOE),26,27 to regulate trans-
gene expression within a SIN-LV context.27 We have shown that, 
unlike viral promoters, the A2UCOE gives rise to populations of 
cells that express transgenes at highly reproducible and stable levels 
in a variety of different cell lines and more importantly in  vivo 
following ex vivo gene transfer to mouse bone marrow HSCs. We 
further tested the efficacy of the A2UCOE within a therapeutic 
context by employing it to control expression of the common 
cytokine receptor gamma chain gene (IL2RG), and demonstrated 
complete rescue of the SCID-X1 phenotype in a mouse model of 
this disease.28

Our previous studies suggested that efficient and stable expres-
sion of transgenes from the A2UCOE may be due to its resis-
tance to DNA methylation–mediated silencing. Here, we have 
investigated the expression and DNA methylation status of the 
A2UCOE, EF1α, and SFFV regulatory elements within a SIN-LV 
vector system by functional analysis in mouse embryonic carci-
noma P19 cells in vitro, and in vivo following ex vivo gene transfer 
to mouse HSCs. Our data show for the first time that, unlike the 
SFFV and EF1α elements, the stability of transgene expression 
from the A2UCOE within SIN-LVs is associated with a near total 
resistance to DNA methylation, thereby reinforcing its potential 
as an excellent regulatory element for gene therapy applications.

Results
A2UCOE confers stable gene expression in P19 cells
P19 cells are pluripotent embryonic carcinoma stem cells that 
are capable of differentiating into an array of cell types including 
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neuronal, glial, cardiac, and skeletal muscle.29,30 A strong ten-
dency toward repression of transgene expression in embryonic 
carcinoma stem cells has been described.31,32 This makes P19 cells 
a sensitive system in which to challenge and test the stability of 
expression from regulatory elements of interest. We therefore 
chose this tissue culture cell model system to compare the func-
tion of the commonly used viral SFFV LTR, the short variant of 
the human housekeeping gene EF1α promoter, and the A2UCOE 
(Figure 1a). SIN-LVs incorporating these elements were used to 
transduce P19 cells at a multiplicity of infection of 5 for the EF1α- 
and A2UCOE-containing vectors, and at a multiplicity of infection 
of 10 for the SFFV vector to give a similar proportion of eGFP+ 
cells at the start of the experiment when assessed by flow cytom-
etry (Figure  1b; Supplementary Figure S1). Transgene eGFP 
expression was monitored every 3–5 days after transduction, for 
up to 44 days. Although a similar initial transduction efficiency 
was obtained with all vectors (46–56% eGFP+ cells), expression 
from the SFFV LTR rapidly declined from 46 to 2% positive cells 
within 17 days. This was associated with a low level of mean fluo-
rescent intensity from the outset after transduction, which further 
declined over time. A relatively rapid decline in expression was 
also observed with the EF1α vector, with eGFP+ cell numbers 
falling from an initial level of 56 to 22% by day 17 after transduc-
tion, but which remained relatively stable at this level thereafter. 

In contrast, the proportion of eGFP+ cells from the A2UCOE vec-
tor remained completely stable over the 44-day period of culture. 
Parallel experiments with P19 cells transduced at varying virus 
concentration showed a similar eGFP expression profile over time 
for all three vectors testifying to the reproducibility of these obser-
vations regardless of LV load and copy number (Supplementary 
Figure S2).

We next ascertained whether reduced eGFP expression was due 
to the loss of vector-positive cells from the culture. Quantitative 
PCR was performed on genomic DNA to determine average vec-
tor copy number (VCN) at each time point of the period of culture 
after transduction. Our data show that VCN per cell remained at a 
similar level for all vectors at all time points (Figure 1b, italicized 
numbers), suggesting that loss of eGFP expression in cells trans-
duced with the SFFV and EF1α LVs was not due to loss of vector 
copies but from promoter silencing. This is despite the fact that 
cells transduced with both the SFFV and EF1α constructs con-
tained multiple copies of the LVs with an average VCN ranging 
from 7.5 to 8.9 and 2.5 to 3.2, respectively, during the course of 
the experiment (Figure 1b, italicized numbers). This suggests that 
multiple copies of the EF1α and especially the SFFV LVs within 
the same cell are subject to silencing. However, the same effect 
was also observed with an average VCN of <1 per cell, indicat-
ing that the observed silencing is independent of this parameter 
(Supplementary Figure S2a–c), and implying that the majority 
of copies of the A2UCOE LV are actively and stably transcribed 
regardless of the level of VCN and the variable site of vector 
integration.

A2UCOE is not subject to DNA methylation  
in P19 cells
As a first indicator as to whether DNA methylation is associated 
with the reduction in eGFP expression from the SFFV and EF1α 
LVs, we treated transduced P19 cells with the DNA methyla-
tion inhibitor 5-azacytidine (5azaC).33 Cells transduced with the 
SFFV SIN-LV and grown in the presence of 5-azacytidine at day 
8 after transduction showed a dose-dependent increase of two- to 
threefold in eGFP+ cell numbers following 5 days of incubation 
(Figure 2a). A similar effect (over a onefold increase in eGFP+ 
cells) was observed with cells transduced with the EF1α vector. In 
contrast, a much smaller change (<10% increase in eGFP+ cells) 
was observed with A2UCOE LV transduced cells (Figure  2a). 
Interestingly, we observed no effect on eGFP+ cell numbers from 
the SFFV and EF1α LVs following 5-azacytidine treatment when 
this was applied at 20 days after transduction (data not shown). 
This suggests that other epigenetic effects such as histone deacety-
lation following initial DNA methylation are also involved in the 
transgene silencing process, which leads to a nonpermissive chro-
matin state. Overall, these data suggest that DNA methylation is, 
at least in part, responsible for the decline in eGFP expression 
from the SFFV and EF1α promoters in P19 cells.

Based on these observations, we assessed provirus DNA meth-
ylation in P19 cells at day 17 after transduction, a point at which 
a high level of transgene silencing has occurred (Figure  1b). 
Genomic DNA was treated with sodium bisulfite to convert 
unmethylated cytosine residues to thymine and then subjected 
to a nested PCR using primers to specifically amplify full-length 
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Figure 1  A2UCOE gives rise to stable eGFP expression in P19 cells 
compared to SFFV and EF1α regulatory elements. (a) Schematic of 
the lentiviral transfer vectors used in the study. The transcription direc-
tion of CBX3-HNRPA2B1 within A2UCOE is indicated. LTR, long-terminal 
repeat; RRE, rev-response element; Ψ, packaging signal. (b) P19 cells 
were transduced with vectors shown in a, at multiplicity of infection 
(MOI) of 5 for EF1α and A2UCOE, and MOI 10 for SFFV. eGFP expression 
was assessed by flow cytometry at different time points after transduc-
tion up to 44 days, as indicated. The underlined numbers shown above 
each bar represent mean fluorescence intensity (MFI). Italicized numbers 
denote vector copy number per cell determined by Q-PCR. Note: Unlike 
SFFV and EF1α, eGFP expression driven from A2UCOE is stable through-
out the culture period. This is achieved with a low vector copy number 
of one per cell compared to the high vector copy numbers present for 
EF1α and SFFV.
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SFFV  LTR and EF1α promoter fragments, and the HNRPA2B1 
region of the A2UCOE. PCR-generated products were cloned and 
a random number selected for sequencing (Figure 2b–d). When 
the same CpG methylation pattern was obtained with different 
clones, it was assumed to be a repeat of PCR product from the 
same vector integration event and was therefore discounted from 
further analysis. We found <5% of repeated clones in the overall 
sequence analysis. This suggests that the PCR-generated library 
of products for each vector was not saturated and therefore, in 
the vast majority of cases, represented products from unique 
integration sites. Figure 2b shows the sequence analysis of cells 
transduced with the SFFV-eGFP vector. Out of 14 sequences 
analyzed, 11 (78%) displayed extensive (70–100%) methylation 
of CpG sites at the SFFV promoter and enhancer region, which 
is consistent with the substantial loss (95% reduction) of eGFP 
transgene expression (Figure 1b). Of note, the CpG dinucleotides 
in the vicinity of the Sp1/enhancer core at the 5′ end of the SFFV 

LTR region were almost completely methylated compared to 
sequences at the 3′ end of this element. DNA methylation of the 
EF1α promoter (Figure 2c) was less prominent compared to that 
of SFFV. Nevertheless, 6 of 14 (42%) vector copies analyzed exhib-
ited 50–100% methylated CpG residues, which again is consistent 
with the 46% reduction in eGFP+ cell numbers at this culture time 
point (Figure 1b). To confirm that apparent DNA methylation of 
SFFV and EF1a regulatory sequences was not a reflection of the 
relatively higher VCN compared to A2UCOE, similar analysis 
was performed on cells with VCN <1(Supplementary Figure 
S3), which showed a very similar pattern and intensity of DNA 
methylation comparable with that observed at higher copy num-
bers (Figure 2b,c). It was also apparent here that most methyla-
tion on SFFV occurred at an early stage (day 4) after transduction 
(Supplementary Figure S3a).

Unlike and in marked contrast to the SFFV and EF1α vectors, 
the HNRPA2B1 promoter region of the A2UCOE-eGFP SIN-LV 
displayed only very low level and widely scattered methylation of 
CpG sites (Figure 2d). In addition, analysis of an 827 base-pair 
(bp) length of the CBX3 region of this element containing 86 CpG 
dinucleotides again showed only low numbers of scattered methy-
lated CpG sites (Supplementary Figure S4a). Overall, these data 
provide clear evidence that stable eGFP transgene expression 
from the A2UCOE is due, at least in part, to its resistance to DNA 
methylation, whereas DNA methylation of the SFFV and EF1α 
promoters is a major contributory factor to their loss of function 
in P19 cells.

A2UCOE negates DNA methylation and silencing  
of the SFFV promoter in P19 cells
It has previously been shown that silencing of human cytomega-
lovirus promoter–driven transgenes in stably transfected tissue 
culture cells can be negated by linking the A2UCOE upstream of 
this element.27 We therefore assessed whether the A2UCOE is also 
able to confer stability of expression on the SFFV promoter within 
a SIN-LV context. A core 1.2 kb A2UCOE subfragment extending 
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Figure 2  A2UCOE is not subject to DNA methylation in P19 cells. 
(a)  Abrogation of SFFV-eGFP and EF1α-eGFP silencing in P19 cells by 
addition of the DNA methylation inhibitor 5-azacytidine (5azaC). 5azaC 
was added to cultures 2.5 and 5 µmol/l on day 8 after transduction with 
eGFP expression assessed 5 days later. The mean and standard devia-
tion of triplicate experiments for each vector are shown. Solid bars: no 
5azaC. Hatched bars: 2.5 µmol/l 5azaC. Horizontal cross line bars: 5 µmol/l 
5azaC. Note: percentage of eGFP+ cells transduced with the SFFV and 
EF1α vectors remained at a high level when treated with 5azaC compared 
to untreated cells; 5azaC treatment had a much smaller effect on eGFP 
expression from the A2UCOE. The P values of 5azaC treated to untreated 
cells: SFFV-eGFP 2.5 µmol/l: 1.9992 × 10−5, 5 µmol/l: 7.65488 × 10−6; EF1α-
eGFP 2.5 µmol/l: 9.95594 × 10−7, 5 µmol/l: 5.95237 × 10−7; A2UCOE-eGFP 
2.5 µmol/l: 0.000299, 5 µmol/l: 0.000143967. (b–d) DNA methylation 
analysis of SFFV (b), EF1α (c), and A2UCOE (d) proviral elements. Genomic 
DNA from cells transduced with lentiviruses at day 17 after transduction 
was isolated and subjected to methylation analysis by bisulfite conversion 
and sequencing. Methylation status of randomly selected PCR clones gen-
erated after conversion is shown. White boxes: unmethylated CpG sites. 
Black boxes: methylated CpG sites. Sp1: Sp1 transcription factor binding 
site. Enhancer core: SFFV enhancer core element; CAAT, TATA: CAAT and 
TATA box elements. Note: only scattered methylated CpG sites are found 
within the A2UCOE sequence compared to extensive methylation of CpG 
dinucleotides in EF1α and SFFV.



Molecular Therapy  vol. 18 no. 9 sep. 2010� 1643

© The American Society of Gene & Cell Therapy
UCOE Lentiviral Vectors Resist DNA Methylation

from a BsmBI site within the first intron of CBX3 to the exon I 
TthIII I site of HNRPA2B1 and which therefore still contains the 
dual divergently transcribed promoters of this element was linked 
in both orientation upstream of the SFFV promoter to give rise 
to the 5′UCOE/SFFV-eGFP (CBX3-A2B1), and 3′UCOE/SFFV-
eGFP (A2B1-CBX3) vectors (Figure  3a). Viruses produced 
from these LVs were used to transduce P19 cells and expression 
monitored over time as before. Unlike the SFFV LTR in isola-
tion, the 3′UCOE/SFFV-eGFP vector gave rise to stable expres-
sion throughout the culture period (Figure 3b). Interestingly, the 

5′UCOE/SFFV-eGFP LV only displayed a partial protection to 
silencing, showing a gradual decline in eGFP expression over time. 
These data therefore agree with those obtained with the slightly 
larger 1.5 kb core A2UCOE previously employed and that extends 
a further 300 bp and into the first intron of HNRPA2B1 (ref. 26) 
and were confirmed when this fragment was similarly linked to 
the SFFV LTR (Supplementary Figure S5a,b). We then addressed 
whether stable eGFP expression in P19 cells from SFFV conferred 
by linkage to the A2UCOE was due to negation of DNA methyla-
tion on SFFV. DNA methylation status was assessed at day 17 after 
transduction by bisulfite conversion followed by DNA sequencing 
as before (Figure  2). In marked contrast to the extensive DNA 
methylation observed with the SFFV-eGFP vector, the presence of 
the A2UCOE in the 3′UCOE/SFFV-eGFP LV almost completely 
negated the appearance of this epigenetic mark (Figure 3c), which 
correlates well with the stability of eGFP expression (Figure 3b). 
By comparison, placement of the A2UCOE in the reverse orien-
tation in 5′UCOE/SFFV-eGFP conferred only limited protection 
against DNA methylation of the SFFV promoter (Figure  3c), 
which again is also consistent with the gradual decline in eGFP 
expression from this configuration (Figure 3b). A similar DNA 
methylation pattern was observed with the larger 1.5 kb A2UCOE 
(Supplementary Figure S5c). Overall, our data clearly demon-
strate that the DNA methylation–free, transcriptionally permis-
sive environment generated by the A2UCOE can extend through a 
linked promoter leading to enhanced stability of transgene expres-
sion. To understand the basis behind the orientation-dependence 
for protection of the SFFV LTR against methylation, the linked 
A2UCOE sequences were also analyzed. Interestingly, in the pro-
tective configuration (3′UCOE/SFFV-eGFP), little methylation 
was noted, whereas in the alternative configuration, a cluster of 
methylated CpGs were located close to the adjacent SFFV LTR 
(Supplementary Figure S6b). This suggests that the context of the 
A2UCOE element is important for determination of methylation 
of both this element and any linked sequences, and that methyla-
tion of a small region of the A2UCOE adjacent to other sequences 
is sufficient to abrogate protection.

A2UCOE is resistant to DNA methylation in vivo
In order to further assess the role of DNA methylation in regu-
lating transgene expression in vivo, we performed ex vivo gene 
transfer of murine HSC with the same SFFV, EF1α, and A2UCOE 
LVs. Vector DNA methylation status was determined by bisulfite 
conversion and sequencing as before (Figure  2) within whole 
bone marrow samples recovered at 3 and 6 months following 
transplantation. The SFFV promoter region was found to be 
extensively methylated at both 3 months (n = 3) and 6 months 
(n = 2) after transplantation (Figure 4a). However, in contrast 
to the findings in P19 cells (Figure 2b), the majority of the CpG 
sites around the Sp1/enhancer core region of this element were 
unmethylated, compared to high-level methylation observed 
in the vicinity of the proximal promoter CAAT and TATA box 
elements. This in vivo DNA methylation pattern suggests that 
the enhancer function of SFFV remains active (or is selected for 
in vivo), despite the fact that the majority of eGFP expression has 
become silenced due to extensive DNA methylation of the core 
promoter region. Indeed, the low ratio of eGFP-expressing cells 
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Figure 3 N egation of silencing and DNA methylation by incorporat-
ing the A2UCOE upstream of SFFV. (a) Schematic of chimeric lenti-
viral vector constructs. A 1.2 kb A2UCOE element in both orientations, 
5′UCOE (CBX3-A2B1) and 3′UCOE (A2B1-CBX3) is linked immediately 
upstream of the SFFV LTR in the SFFV-eGFP vector (Figure  1a). (b) 
Percentage of eGFP+ P19 cells transduced with lentiviruses made from 
the constructs shown in a. P19 cells were transduced with lentiviruses 
at multiplicity of infection of 40, and eGFP expression was assessed by 
flow cytometry at different time points up to 25 days, as indicated. Note: 
placing A2UCOE in a 3′–5′ orientation upstream of SFFV gives rise to 
stable eGFP expression from SFFV. (c) DNA methylation analysis on the 
SFFV regulatory element from P19 cells transduced with lentiviruses as 
in b. Genomic DNA was isolated from cells transduced with lentiviruses 
at day 17, and subjected to methylation analysis of the SFFV LTR. Upper 
panel: SFFV-eGFP. Middle panel: 3′A2UCOE/SFFV-eGFP. Lower panel: 
5′A2UCOE/SFFV-eGFP. Note: placing 3′A2UCOE upstream of SFFV results 
in virtually complete protection of SFFV sequences from DNA methyla-
tion compared to partial protection in the 5′A2UCOE-SFFV construct.
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to VCN (Figure 4a and Table 1) is a clear indication of eGFP 
transgene silencing. The  high-level mean fluorescent intensity 
(range 595–769) of residual eGFP+ cells (Figure 4a) is also an 
indication of potent enhancer activity, which contrasts with 
the very low-level mean fluorescent intensity (range 18–40) in 
P19 cells where the Sp1/enhancer core region of this element 
is completely methylated (Figure  1b, underlined numbers). 
In addition, a comparison of the average ratio of methylated 

to nonmethylated CpG residues among all SFFV-eGFP vector 
copies analyzed at 3 (24 vector copies) and 6 months (17 vec-
tor copies) after transplantation revealed a significant increase 
in methylation over time (P value = 0.0039 determined using 
the Wilcoxon rank-sum test) (Figure 4b). This progressive DNA 
methylation in vivo correlates with the decreased ratio of eGFP+ 
cells to VCN (Table 1).

The EF1α promoter was subject to less CpG methylation over-
all than the SFFV LTR in engrafted hematopoietic cells, although 
isolated vector copies from each transplanted mouse did show 
significant (40–60%) methylation (Figure  5a, Supplementary 
Figure S7). However, these were relatively infrequent, and there-
fore unlikely to affect overall transgene expression levels. In con-
trast to the SFFV LTR and EF1α promoter, the A2UCOE displayed 
little or no methylated CpG residues in all vector copies, in all 
mice analyzed (Figure 5b; Supplementary Figures S4b and S8), 
with the ratio of eGFP-expressing cells to VCN essentially close to 
one in all cases (Table 1).

In order to assess whether the resistance to DNA methylation 
is preserved in long-term HSC, mouse bone marrow transduced 
with the A2UCOE vector was recovered from primary recipients 
at 7.5 months after transplantation and injected into a second 
cohort of lethally irradiated animals. Bone marrow from second-
ary recipients was harvested after a further 5.5 months for analy-
sis of transgene expression and DNA methylation (Figure  6). 
The pattern of eGFP expression remained remarkably consistent 
between primary and secondary recipients (Figure 6a) indicating 
that the A2UCOE retained reliable expression in the absence of 
silencing. The decline in the proportion of eGFP+ cells observed 
in secondary recipients was accompanied by reduced overall 
VCN, and was therefore most likely due to dilution of transduced 
HSC. Furthermore, analysis confirmed lack of CpG methylation 
of the A2UCOE region from secondary recipients (Figure  6b) 
as observed in primary recipients, illustrating that this element 
displays a true resistance to this epigenetic modification in 
long-term HSC.
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Figure 4 DN A methylation analysis of the SFFV promoter in vivo fol-
lowing gene transfer to mouse hematopoietic stem cells. Mouse bone 
marrow lin-selected stem cells were transduced with SIN-LV SFFV-eGFP 
virus and engrafted into lethally irradiated animals. Bone marrow from 
transduced mice was isolated at 3 (n = 3) and 6 (n = 2) months after trans-
duction and subjected to DNA methylation analysis. (a) DNA methyla-
tion analysis of SFFV proviral sequences from five transduced mice. Note: 
the SFFV promoter is densely methylated in all five mice. Methylated 
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P values were determined using the Wilcoxon rank-sum test).

Table 1 S ummary of the ratio of transgene EGFP expression to vector 
copies in mice transduced with lentiviral vectors

 3-Month expression 6-Month expression

SFFV-EGFP (n = 5) M1 M2 M3 M4 M5

  % EGFP+ cells 10 8 16 3 2

  Copy number/per cell 1.3 1.2 1.2 0.5 0.8

 � EGFP expression/vector 
copies

1/13 1/15 1/8 1/17 1/40

EF1α-EGFP (n = 5) M1 M2 M3 M4 M5

  % EGFP+ cells 72 12 86 79 13

  Copy number/per cell 2.4 0.2 3.8 3.1 0.3

 � EGFP expression/vector 
copies

1/3.3 1/1.7 1/4.4 1/3.9 1/2.3

UCOE-EGFP (n = 5) M1 M2 M3 M4 M5

  % EGFP+ cells 26 18 32 64 20

  Copy number/per cell 0.2 0.17 0.24 0.75 0.25

 � EGFP expression/vector 
copies

1/0.8 1/0.9 1/0.8 1/1.2 1/1.3  
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Discussion
The efficiency and therefore efficacy of gene transfer in numerous 
previous studies has been compromised by instability (high 
variability and silencing) of transgene expression, mostly from 
viral promoters.13–21,28 A possible solution to problems of trans-
gene silencing is to employ a UCOE to drive or regulate expres-
sion. UCOEs are structurally defined as consisting of closely 
spaced divergently transcribed promoters of housekeeping genes 
encompassed by a methylation-free CpG island and function-
ally characterized by a dominant chromatin opening capability, 
being able to confer reproducible and stable transgene expres-
sion, even from within centromeric heterochromatin integration 
sites.26,27 In addition, we have previously demonstrated that trans-
genes within a SIN-LV under the control of the A2UCOE derived 
from the HNRPA2B1-CBX3 locus are expressed at highly stable, 
reproducible, and homogeneous levels both in vitro and in vivo.28 
Here, we have investigated whether the stability and consistency 
of transgene expression from the A2UCOE is by virtue of its 
resistance to DNA methylation–mediated silencing and that the 
loss of expression from other promoters is a direct result of DNA 
methylation.

Our data show for the first time that the molecular basis for 
the stability of A2UCOE-driven transgene expression from within 
a SIN-LV is due, at least in part, to its resistance to DNA methy-
lation (Figures 2d, 5b, and 6b; Supplementary Figures S2c, S4, 
and S8). The resistance to DNA methylation of the A2UCOE was 
demonstrated in vitro using a hypermethylation system based on 
P19 cells and in vivo following ex vivo transplantation of trans-
duced murine bone marrow HSC. In contrast, the EF1α promoter 
(at least in the absence of positive selection) and more prominently, 
the SFFV LTR may be prone in certain contexts to DNA methyla-
tion–mediated silencing. Importantly, we show that resistance to 
DNA methylation and stable A2UCOE-eGFP vector expression 
was achieved with an average VCN per cell of one compared to the 
high VCNs observed in cells transduced with the EF1α-eGFP, in 
particular with the SFFV-eGFP constructs (Figure 1b; Table 1).

a

M3 (6 months)
86% eGFP+

VCN 3.8
MFI 450

b

M4 (6 months)
64% eGFP+
VCN 0.75
MFI 520

EF1α

UCOE (A2B1)

CAAT TATA

Figure 5 DN A methylation analysis of the EF1α and the A2UCOE regulatory elements in vivo following gene transfer to mouse hematopoi-
etic stem cells. Methylation analysis of DNA from total bone marrow cells isolated from mice transduced with the (a) EF1α-eGFP vector (N = 5) 
and (b) A2UCOE-eGFP vector (N = 5) vectors at 3 and 6 months described as in Figure 4. The result from a representative transduced mouse (M3 
and M4) at 6 months from each vector group is shown (data from other transduced mice in the same cohort are shown in the Supplementary 
Figures S7 and S8). The arrows indicate the vector copies with 40–60% methylated CpGs. MFI, mean fluorescence intensity; VCN, vector copies 
per cell.
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Figure 6  eGFP expression and DNA methylation status of A2UCOE-
eGFP transduced hematopoietic stem cell in secondary engrafted 
recipients. (a) Left panel: flow cytometry analysis of eGFP expression 
from primary (1°) recipients at 7.5 months after transplantation. Middle 
and right panels: analysis of eGFP expression in secondary (2°) recipients 
at 5.5 months after transplantation. The percentage of eGFP+ cells is 
shown in each plot. Italicized numbers represent vector copy number 
per cell determined by Q-PCR. Note: eGFP expression profiles remained 
remarkably similar between 1° and 2° recipients as identified by discrete 
populations of cells expressing different levels of eGFP. (b) DNA methyla-
tion analysis on A2B1 region of A2UCOE from a representative (M1.1) 
secondary recipient. Note: there are only scattered methylated CpG sites 
that are found on A2UCOE proviral vector copies.
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The human housekeeping elongation factor 1-α gene (EF1α) 
promoter has become a popular choice to regulate retroviral 
transgene expression.34–36 However, there is evidence that this pro-
moter is prone to silencing.32,37 A 1.5 kb EF1α promoter fragment 
extending into the first intron used to express a nuclear localized 
β-galactosidase reporter gene within a SIN-LV construct showed 
a decline in transgene expression associated with DNA methyla-
tion and histone deacetylation in P19 cells.37 Using the same cell 
line, we now show that the substantial loss of EF1α-eGFP trans-
gene expression directly correlates with levels of DNA methyla-
tion of this promoter (Figures 1b and 2c and Supplementary 
Figures S2b and S3c) regardless of the level of VCN in trans-
duced cells. However, we found relatively few instances of EF1α 
promoter methylation when the same vector was introduced into 
mouse HSCs in vivo and that this did not appear to have an overall 
negative impact on numbers of eGFP-expressing cells (Figure 5a 
and Supplementary Figure S7). We also note that a relatively 
high VCN is seen in cells transduced with the EF1α-eGFP vec-
tor both in vitro and in vivo (Figure 1b and Table 1) compared 
to the A2UCOE construct (Figure 1b and Table 1). As the ratio 
of numbers of eGFP+ cells to VCN is greater than one in all mice 
analyzed, it appears that at least a proportion of transgenes driven 
by the EF1α promoter are not transcribed in vivo, especially 
where a high VCN (2.4–3.8 copies per cell) is seen (Table 1). As 
this is taking place on the basis of low levels of DNA methylation 
(Figure  5a and Supplementary Figure S7), this might suggest 
that another silencing mechanism in addition to DNA methyla-
tion can play a role in the regulation of expression. This could 
include repeat-induced gene silencing triggered by the presence 
of multiple transgene copies,38 and establishment of repressive 
histone modification marks.

The SFFV LTR has also been widely used to regulate trans-
gene expression within retroviral vectors, especially due to its high 
activity in hematopoietic cells.39,40 However, to date, the stability 
of expression from the SFFV promoter within SIN-LV especially 
in vivo has not been thoroughly assessed. In a previous investi-
gation, we found a highly significant reduced ratio of transgene-
expressing cells to VCN at 3 months after transplantation of HSC 
in vivo, giving a clear indication of silencing of this element.28 
By directly assessing DNA methylation, in this study, we show 
that this element becomes extensively methylated both in vitro 
and in vivo (Figures 2b and 4, Supplementary Figures S2a and 
S3a,b). In P19 cells, the SFFV promoter is subject to a high density 
of DNA methylation, which is associated with a 95% reduction 
in eGFP transgene–expressing cells and a severe attenuation of 
mean fluorescent intensity (Figure 1b). In particular, we observed 
intense methylation of CpG sites around the Sp1/enhancer core 
region, which are crucial components responsible for maintaining 
its high transcriptional activation capability.38 However, unlike the 
DNA methylation pattern seen in P19 cells, extensive methylation 
of CpG residues in vivo occurred mostly around the CAAT and 
TATA box elements of the SFFV core promoter, with little or no 
methylation at the Sp1/enhancer region (Figure 4a). This suggests 
that in vivo SFFV enhancer function remains largely intact (or is 
selected for through mutagenesis), although in the vast majority 
of cases, eGFP transgene expression is silenced due to proximal 
promoter methylation (Figure 4a; Table 1). The DNA methylation 

pattern of the SFFV promoter/enhancer region that we observe 
in vivo is very similar to what has been described in a gene ther-
apy clinical trial for chronic granulomatous disease employing a 
non-SIN gammaretroviral vector incorporating the SFFV LTR to 
regulate expression of a gp91phox transgene.11 In this trial, vector 
integration within the growth promoting MDS1-EVI1, PRDM16, 
and SETBP1 gene cluster led to their upregulation via the unm-
ethylated and hence active SFFV enhancer. This in return resulted 
in the clonal expansion of cells harboring these integration events 
and hence initial efficacy. However, progressive methylation of the 
SFFV core promoter region led to transgene silencing and treat-
ment failure.11 Our findings are clearly consistent, and provide 
additional molecular evidence that the enhancer region of the 
SFFV LTR even in the context of a SIN-LV is not prone to DNA 
methylation in vivo and therefore may induce enhancer-mediated 
insertional mutagenesis even when promoter activity and hence 
transgene expression are silenced.

However, linking in cis of a core A2UCOE fragment as little 
as 1.2 kb in length upstream of the SFFV LTR successfully negates 
silencing through almost complete prevention of DNA methyla-
tion (Figure 3b,c; Supplementary Figure S5). This is consistent 
with previous findings, which showed that the A2UCOE enhances 
and stabilizes expression from the human cytomegalovirus pro-
moter/enhancer in stably transfected tissue culture cells.27 In 
addition, combining the A2UCOE with tissue-specific regula-
tory elements such as the human desmin promoter/enhancer41 
or the β-globin locus control region and promoter (G.E. Talbot 
and M.N. Antoniou, unpublished results) can augment their func-
tion but without perturbing their specificity. Nevertheless, these 
data provide strong evidence that the A2UCOE can generate an 
extended transcriptionally permissive chromatin environment 
allowing efficient expression from not only the inherent UCOE 
promoters but also adjacent regulatory elements.

The molecular mechanisms by which the A2UCOE (and other 
similar elements) can establish and maintain an open and active 
chromatin structure are not, as yet, well understood. However, 
a two component model of UCOE function has been proposed. 
This consists of (i) a large region of methylation-free DNA that 
extends well beyond the boundaries of the CpG island in associa-
tion with active histone modification marks, and (ii) bidirectional 
transcription with an inherent chromatin opening function from 
the UCOE closely spaced dual divergent promoters.26,27 Recently, 
a comprehensive epigenetic analysis of the native genomic 
A2UCOE found that this region is associated with an extended 
(~5 kb) region of methylation-free DNA, in combination with 
a distinct pattern of active histone modification markers.42 The 
reproduction of this epigenetic signature at transgene integration 
sites may be a significant contributory factor in the A2UCOE’s 
ability to negate DNA methylation, heterochromatin formation 
and prevent transcriptional silencing.

The two component model of UCOE function may provide 
an explanation for the observed orientation dependent ability of 
the A2UCOE to prevent silencing of linked SFFV (Figure  3 and 
Supplementary Figure S5) or human cytomegalovirus27 promoter 
and enhancer regions. Efficient stabilizing function was evident only 
with the CBX3 end of the A2UCOE placed directly adjacent to the 
SFFV LTR (Figure 3 and Supplementary Figure S5). The opposite 
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orientation was previously found to be more effective in negating 
silencing of the human cytomegalovirus promoter in stably trans-
fected Chinese hamster ovary tissue culture cells.27 A recent study, 
which cataloged all human housekeeping genes by the most strin-
gent criteria (principally level and degree of uniformity of expres-
sion between 42 different tissue types) has shown transcription from 
the HNRPA2B1 promoter to be not only well above average but to 
possess the lowest coefficient of variation of any of the 1,522 genes 
listed.43 In marked contrast, transcription from the CBX3 promoter 
is highly variable between different cell types. Therefore, depend-
ing on the cellular background, the divergent transcription from the 
CBX3 and HNRPA2B1 promoters of the A2UCOE can be balanced 
(for example, within hematopoietic cells; see ref. 41) or dispro-
portionally high or low in either HNRPA2B1or CBX3 directions. 
According to our current model of UCOE function, poor divergent 
transcription away from the expression cassette would be expected 
to compromise its dominant chromatin remodeling capability. Thus, 
depending on the expression profile of the A2UCOE in a given cell 
type, the orientation with the strongest divergent transcription may 
be more efficacious in stabilizing heterologous promoter function. 
The stability of expression from the 2.2 kb A2UCOE in P19 cells, 
albeit with divergent CBX3 transcription, is in all likelihood due to 
the fact that this element extends to the end of the methylation-free 
CpG island on the side of CBX3.

We have previously shown that the A2UCOE lacks classical 
enhancer function28 and thus should not possess the ability to 
mediate long-range transcriptional activation from heterologous 
promoters at LV integration sites via now established chroma-
tin looping mechanisms.44,45 However, the A2UCOE does have 
the potential to disturb host gene function and cause insertional 
mutagenesis resulting from divergent transcription from within 
the LV and into the surrounding gene-containing genomic region. 
This read-through transcription can in principle lead to either an 
activating or negative interference effect on endogenous gene 
function or may lead to the production of aberrant transcripts and 
protein products, a feature common to all LVs. Experiments are 
currently underway to directly assess the insertional mutagenesis 
potential of A2UCOE LVs via these mechanisms with additional 
refinements in vector design to minimize their likelihood.

In summary, this study investigated the DNA methylation 
status of three different internal promoters (SFFV, EF1α, and 
A2UCOE) within SIN-LVs in vitro, using P19 cells, and in vivo, 
following ex vivo gene transfer into mouse HSCs. Our study pro-
vides convincing evidence that DNA methylation indeed plays a 
direct role in regulating transgene expression in a SIN-LV system. 
In comparison with the SFFV and EF1α promoters, we show that 
stable transgene expression from the A2UCOE within an LV con-
text in vitro and in vivo is due, at least in part, to its resistance to 
DNA methylation. Furthermore, for application to hematopoietic 
disorders, the A2UCOE resists methylation in long-term HSC. 
This reinforces its potential use as an excellent regulatory element 
for gene transfer and therapy applications.

Materials and Methods
Plasmid and LV construction. Lentiviral A2UCOE-eGFP and SFFV-eGFP 
used in this study are as previously described.33 The elongation factor 1-α 
(EF1α) LV EF1α-eGFP-WPRE was constructed as follows. The short 

(~250 bp) EF1α promoter was released from SRS11 EFS-γC vector36 and 
inserted in place of the SFFV promoter LTR within p′HR-cppt-SEW.46 The 
A2UCOE-SFFV-eGFP LVs were constructed by linking in both orienta-
tions either a core 1.5 kb BsmBI fragment extending from within the first 
intron of CBX3 and HNRPA2B1 (ref. 26) or a 1.2 kb subfragment of the 
1.5 kb element extending from the BsmBI site of CBX3 to a TthIII I site 
within exon I of HNRPA2B1 immediately upstream of the SFFV promoter 
in the SFFV-eGFP LV.

Maintenance of tissue culture cell lines. Mouse embryonic teratocarci-
noma stem P19 cells were obtained from the European Collection of Cell 
Cultures and maintained in alpha MEM medium (Sigma-Aldrich, Poole, 
UK) supplemented with 2 mmol/l glutamine, 1% nonessential amino acids, 
2.5% fetal bovine serum, 7.5% calf serum, and 10 µg/ml each of penicillin 
and streptomycin. Human HeLa and HEK293T cells were maintained in 
DMEM medium (Invitrogen, Paisley, UK) containing 10% fetal bovine 
serum (Sigma-Aldrich) plus 2 mmol/l glutamine and 10 µg/ml each of 
penicillin and streptomycin.

LV preparation and transduction of cell lines. LVs were produced by 
standard transient co-transfection of HEK293T cells with three plas-
mids: the LV, pMD.G2 (envelop plasmid) and pCMVΔ8.91 (packag-
ing plasmid), with polyethylenimine (Sigma-Aldrich) as previously 
described.33 The viral vector titer of eGFP-containing preparations was 
determined by transducing HeLa cells with serial dilutions of virus 
and monitoring expression after 3 days by flow cytometry. Lentiviruses 
containing eGFP under control of the A2UCOE, EFα1, and SFFV pro-
moters were used to transduce P19 cells at different multiplicities of 
infection and grown under the conditions described above. Transduced 
cells were collected every 3–5 days for a total period of 42 days of con-
tinuous culture, and eGFP reporter gene expression was analyzed by 
flow cytometry.

Ex vivo analysis of transduced murine HSCs. Bone marrow lineage 
negative (lin−) HSCs were isolated from the tibia and femur of C57BL/6J 
mice at ~10 weeks of age, as previously described.33 HSCs were seeded 
at 1 × 106/ml in StemSpan medium (StemCell Technologies, London, 
UK) and transduced with viral vector added at a multiplicity of infection 
of 20–25 in the presence of cytokines. Transduced cells were cultured 
overnight and then injected into lethally irradiated recipient mice via the 
tail vein (2.5–5 × 105 cells/mouse). Peripheral blood and bone marrow 
cells were analyzed 3 and 6 months after transplantation by flow cytom-
etry for eGFP transgene expression and Q-PCR for VCN. For second-
ary transplantation, total bone marrow cells from primary transplanted 
mice were isolated 7.5 months after transplantation and injected into a 
second cohort of lethally irradiated C57BL/6J mice (at least 1 × 107 cells 
per mouse).

DNA methylation by bisulfite conversion and sequencing
Sodium bisulfite treatment of genomic DNA: Genomic DNA was isolated 
from cells using the DNeasy kit (Qiagen, Crawley, UK) according to the 
manufacturer’s instructions. Sodium bisulfite treatment of genomic DNA 
was performed to convert unmethylated cytosine to thymine residues 
using the EpiTect bisulfite kit (Qiagen) according to the manufacturer’s 
instructions. In brief, 500 ng of genomic DNA was mixed with bisulfite 
reagent and incubated at different temperatures. Genomic DNA was 
then purified by passing through the column supplied in the kit after 
completion of the conversion reaction.

Nested PCR amplification of bisulfite-treated genomic DNA: PCR 
primers were designed based on converted sequences. Reverse primers 
were chosen from the eGFP sequence to avoid the amplification of 
endogenous copies of EF1α and A2UCOE. The forward primers were 
chosen to cover the full length of the SFFV (containing 23 CpG sites) and 
EF1α (containing 21 CpG residues) promoters. The forward primers for 
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the A2UCOE were chosen to amplify 650 bp of the HNRPA2B1 region 
including the promoter, which contains 60 CpG dinucleotides. Primers 
were also designed to amply 827 bp of the divergent CBX3 promoter 
region of the A2UCOE, which included a total of 86 CpG sites. PCR 
conditions were as follows: first round, annealing temperature 58 °C, 33 
cycles; second round, annealing temperature 56 °C, 32 cycles.

The PCR primer sequences used were as follows: (i) SFFV promoter: 
Forward-1, 5′TAG AAA AAG GGG GGA ATG AAA; Reverse-1, 5′AAA 
CAA CTC CTC ACC CTT ACT CAC; Forward-2, 5′GGG GGA ATG 
AAA GAT TTT ATT TG; Reverse-2, 5′ACC CTT ACT CAC CAT 
AAT TTC AAC C. (ii) EF1α promoter: Forward-1, 5′TAA AAG AAA 
AGG GGG GAT TGG; Reverse-2, 5′AAA CAA CTC CTC ACC CTT 
ACT CAC; Forward-2, 5′GGG GTA TAG TGT AGG GGA AAG AAT 
AG; Reverse-2, 5′ACC CTT ACT CAC CAT AAT TTC AAC C. (iii) 
HNRPA2B1: Forward-1, 5′ACA CCA CCC CAA TAA ACA ACT C; 
Reverse-1, 5′GGG TTA GGG GTG GGT TAT TG; Forward-2, 5′GAT 
TTG GGT GTT TTT GGA AGG; Reverse-2, 5′ACC CTT ACT CAC CAT 
AAT TTC AAC C. (iv) CBX3: Forward-1, 5′GTT GTT TTT TGG GAG 
GTT TAA GTT; Reverse-1, 5′TAA TTT TTA AAC TCC CAA CTC CC; 
Forward-2, AGG GGG AAA TGT GTT TTG TTT; Reverse-2, CTC CCC 
CAA CAT CTA AAA AAT TC.

Sequence analysis of PCR products: The single PCR product band was 
purified after resolution by agarose gel electrophoresis using the Qiagen 
gel extraction kit, and ligated into the PCR 2.1-TOP vector (Invitrogen) 
according to the manufacturer’s instructions. The plasmid DNAs from 
randomly selected colonies were sequenced using M13 primers compatible 
with the plasmid vector backbone. Sequence comparison was performed 
using Vector NTI software (Invitrogen).

Determination of LV copy number. Genomic DNA was isolated from cells 
using the DNeasy kit (Qiagen). Real-time quantitative PCR was used to 
determine LV copy number employing the ABI 7000 Sequence Detection 
System (ABI, Applied Biosystems, Cheshire, UK). PCR primers target-
ing eGFP transgene sequences common to all vectors were as follows:  
Forward-5′GCTACCCCGACCACATGAAG3′; Reverse-5′CGGGCATG 
GCGGACTT3′. eGFP probe sequence: 5′-FAM-CAGCACGACTTCTTC-
NFQ. Primer for the endogenous reference Ttn sequences were as 
described above. The Ttn probe sequence was as follows: 5′-FAM–TGCA 
CGGAATCTCGTCTCAGTC—TAMRA-3′. 

SUPPLEMENTARY MATERIAL
Figure S1.  Flow cytometry histograms of eGFP expression in P19 cells 
transduced with lentiviruses shown in Figure  1a, at different time 
points shown on Figure 1b.
Figure S2.  A2UCOE gives rise to stable eGFP expression in P19 cells 
compared to SFFV and EF1α.
Figure S3.  DNA methylation analysis on SFFV and EF1α promoters in 
P19 cells following the lentivirus transduction.
Figure S4.  DNA methylation analysis of the CBX3 region of the 
A2UCOE in P19 cells and in vivo following lentiviral transfer to mouse 
HSCs.
Figure S5.  Negation of silencing of SFFV by incorporating a 1.5 kb 
A2UCOE upstream of SFFV in P19 cells.
Figure S6.  DNA methylation analysis on A2B1 region of A2UCOE 
linked upstream of the SFFV LTR.
Figure S7.  DNA methylation analysis of the EF1α promoter in vivo 
following gene transfer to mouse HSCs.
Figure S8.  DNA methylation analysis of the A2UCOE regulatory ele-
ment in vivo following gene transfer to mouse HSCs.
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