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CpG islands are important in the protection of adjacent house-
keeping genes from de novo DNA methylation and for keeping
them in a transcriptionally active state. However, little is known
about their capacity to protect heterologous genes and assure
position-independent transcription of adjacent transgenes or ret-
roviral vectors. To tackle this question, we have used the mouse
aprt CpG island to flank a Rous sarcoma virus (RSV)-derived
reporter vector and followed the transcriptional activity of inte-
grated vectors. RSV is an avian retrovirus which does not replicate
in mammalian cells because of several blocks at all levels of the
replication cycle. Here we show that our RSV-derived reporter
proviruses linked to the mouse aprt gene CpG island remain
undermethylated and keep their transcriptional activity after sta-
ble transfection into both avian and nonpermissive mammalian
cells. This effect is most likely caused by the protection from de
novo methylation provided by the CpG island and not by enhance-
ment of the promoter strength. Our results are consistent with
previous finding of CpG islands in proximity to active but not
inactive proviruses and support further investigation of the pro-
tection of the gene transfer vectors from DNA methylation.

ytosine methylation in CpG dinucleotides is an important

mechanism of transcriptional regulation in vertebrates. Es-
pecially in the genome of mammalian somatic cells, the distri-
bution of CpG dinucleotides, and the pattern of methylation are
bimodal. In the major part of the genome, CpGs are underrep-
resented, dispersed, and predominantly methylated. Approxi-
mately 1-2% of the genome consists of nonmethylated CpG-rich
stretches (CpG islands) that are typically 0.5-2 kb in length and
usually associated with housekeeping genes (1, 2). This bimodal
somatic methylation pattern is probably established by general de
novo methylation, which skips CpG islands and adjacent gene
promoters and leaves them unmethylated, and/or by active
demethylation of these sequences. Spl sites within the core
sequence of CpG islands were shown to be required to prevent
methylation (3, 4).

Rous sarcoma virus (RSV) is an avian retrovirus that does not
replicate in mammalian host cells. The nonpermissiveness of
heterologous hosts is caused by several blocks of the replication
cycle. Mammalian cells lack specific receptors for virus entry and
do not promote correct splicing of retroviral mRNA, cleavage of
viral polyproteins, or assembly of infectious virus particles on the
inner surface of the cell membrane (reviewed in ref. 5). In
addition to these obstacles, RSV proviral DNA is usually tran-
scriptionally suppressed after integration into the mammalian
genome. Fewer than 0.1% of RSV provirus-containing mam-
malian cells displays morphological transformation by virtue of
the v-src oncogene (6, 7). The vast majority of RSV-infected cells
harbors transcriptionally silent proviruses with undetectable
amount of viral RNA (7, 8). Even in transformed mammalian

cells, the proviral expression often tends to spontaneous silenc-
ing and segregation of revertant cell clones with nontransformed
phenotypes (9-11). This proviral silencing is clearly an epige-
netic event because proviral DNA is transiently expressed after
transfection into mammalian cells (12, 13), and silenced provi-
ruses can be rescued by molecular cloning and transfer into
permissive cells (11). Transcriptionally silenced proviruses were
found to be methylated (10, 11) and CpG methylation of RSV
proviral constructs has an inhibitory effect on provirus expres-
sion (13, 14). Moreover, this inhibitory effect is directed to the
proviral long terminal repeats (LTR), containing the promoter/
enhancer sequences, because the Moloney murine leukemia
virus (MoMLV) LTR inserted instead of the RSV LTR is not
suppressed in this way (13).

The transcriptional activity of the provirus depends strongly
on the cellular DNA sequences adjacent immediately to the
provirus. We have described the presence of nonspecific gene
silencer region 5’ to the simplified provirus composed of LTR-
v-src-LTR in the tumor-derived cell line H-19 with a high rate of
spontaneous morphological reversion (15). Comparison of cel-
lular sequences flanking active and inactive RSV proviruses in
rat cells showed the presence of CpG island-specific restriction
sites close to the transcriptionally active but not inactive provi-
ruses (16). In fact, the existence of blocks preventing viral
replication in nonpermissive cells, as well as provirus silencing,
were recognized first on the model of RSV transformed and
revertant cells (reviewed in ref. 17) and provided a paradigm for
other retrovirus—cell interaction, viral persistence included.

Several strategies were applied with the aim of overcoming the
inhibitory effects of DNA methylation and the site of integration
against proviral vectors or transgenes. Insertion of a chromatin
insulator fragment from the chicken B-globin locus into both
LTRs of a MoMLV-derived vector increased the probability of
vector expression at random chromosomal integration sites (18).
This was accompanied by a decreased level of proviral DNA
methylation. The same chromatin insulator was used to protect
murine stem cell-derived vectors in primary myelopoietic pro-
genitor cells both in vitro and in vivo in transplanted mice and
demonstrated its capacity to protect gene therapy vectors from
chromosomal position effects (19). Similarly, a MoMLV-derived
vector modified by insertion of the human interferon y gene
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scaffold attachment region was shown to be long-term transcrip-
tionally active and nonmethylated in T cells in vitro (20, 21). In
the present study, we report a protective effect of the mouse
adenin phosphoribosyl transferase (aprt) gene CpG island on the
adjacent RSV provirus integrated randomly in nonpermissive
mammalian cells. We suggest that the effect of the CpG island
is bidirectional and consists in preventing de novo DNA meth-
ylation and not in enhancement of the promoter strength.

Materials and Methods

Animals and DNA Inoculation. Syrian hamsters (Mesocricetus
auratus) were bred at the Institute of Molecular Genetics
(Prague). They have been inbred for >40 generations by
brother X sister matings and characterized by the acceptance
of skin grafts. Plasmid DNAs were prepared on Qiagen
columns, linearized by Sspl endonuclease outside of the
proviral and CpG island sequences, and diluted in PBS-A.
Newborn hamsters were inoculated s.c. with 1-25 pg of
plasmid DNA in 0.1 ml, and incidence and latency of sarcoma
induction were scored (13). Chicken embryo fibroblasts
(CEFs) were prepared from 10-day Brown Leghorn embryos,
phenotype C/E, by standard procedures.

Construction of Proviral Reporters. Our original proviral structure
H-19 containing RSV LTR, v-src, LTR (22) was used for
construction of proviral reporters. A 5.8-kb HindIII fragment
of provirus together with flanking sequences was cloned
in pUCI19 vector, and flanking sequences were eliminated
with the exception of 34 bp upstream (Kpnl site) and 99 bp
downstream (Eco47I1I site) of the provirus (construct pH-
19KE). Plasmid pCPGH-19 was created by sticky-end ligation
of 1.7-kb Kpnl fragment of the wild-type mouse aprt gene CpG
island cloned in pABS (3). Plasmid pCPGMH-19 was created
by analogical insertion of a mutated mouse aprt gene CpG
island cloned in pAZM2. In parallel, the CpG island of the
mouse aprt gene was cloned upstream of the RSV LTR-driven
reporter gene B-geo (plasmid pHgeo). Briefly, the v-src se-
quence in pH-19KE was replaced by B-geo coding sequence.
The 3.9-kb HindIII-Xbal fragment from the pSABgeo plasmid
(23) was blunt-end ligated into Ncol and Saul sites (positions
760 and 2517, respectively) of pH-19KE. The 4-kb Ncol-Saul
fragment of pH-19KE was treated with mung-bean nuclease to
destroy the v-src AUG codon within the Ncol site. Kpnl
fragments (1.7 kb in length) of the wild-type and mutated aprt
CpG islands were ligated in the KpnI site upstream of the LTR.
Both orientations of the CpG islands were found and verified
by DNA sequencing. Plasmids were denoted pCPGHgeo (wild-
type CpG island), pPCPGMHgeo (mutated CpG island), pCPG-
invHgeo (wild-type CpG island in inverse orientation), and
pCPGMnvHgeo (mutated CpG island in inverse orientation).
Schematic representation of final proviral constructs is shown
in Fig. 14.

Colony-Forming Assay. Dishes with subconfluent NIL-2 cells were
transfected with B-geo reporter plasmids by using the DOTAP
liposomal transfection reagent {N-[1-(2,3-dioleoyloxy)propyl]-
N,N,N-trimethylammonium methylsulfate; Roche Molecular
Biochemicals} according to the manufacturer’s instruction. Se-
lection with 400 pwg/ml neomycin (G418; Sigma) was introduced
24 h after transfection and carried out for 10 days. Colonies of
neo-resistant cell clones were grown for a further 10 days in 100
wng/ml neomycin, stained in situ with 1 mg/ml X-gal, counted,
and photographed.

PCR. Colonies of NIL-2 selected with neomycin were picked up,
grown separately in 100 ug/ml neomycin (G418; Sigma), and
DNA from cells was extracted. DNAs were also prepared from
sarcomas induced by plasmids pCPGH-19 and pCPGMH-19.
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Fig. 1. Cloning of the aprt gene CpG island and RSV-based reporter provi-
ruses. (A) Map of the mouse aprt gene and construction of reporter constructs
pCPGH-19 and pCPGHgeo. Filled boxes represent exons of the aprt gene.
Vertical arrows denote the position of three Sp1 sites in the CpG island. Filled
arrowheads denote transcription starts of the aprt gene and 5’ LTR. Block
arrows denote position of primers used for PCR. The 1.7-kb fragment was
cloned upstream of the v-src- or B-geo-bearing proviral structures. K, Kpnl. (B)
PCR-based control of the junction between CpG island and 5’ proviral se-
quences. The diagnostic 896-bp fragment is amplified from L and R primers in
DNA samples from tumors or cell clones containing the provirus with direct,
but not inverse orientation of the CpG island.

For detection of unaltered and properly oriented CpG island and
of provirus we used primer L complementary to nucleotides
640-659 of the mouse aprt and primer R complementary to
nucleotides 221-240 of the U3 region of LTR according to the
sequence of the H-19 provirus (18). Sequences are 5'-
TTGAGGTAGGGATGCTTGTG-3" and 5'-CTTACTAC-
CACCAATCGGCA-3', respectively. Conditions for PCR were
as follows: 95°C for 1 min, 55°C for 1 min, 72°C for 1 min (30
cycles).

B-Gal Assay. Subconfluent cultures of NIL-2 cells were trans-
fected with 2 ug of B-geo reporter plasmid DNA by using the
DOTAP lipofection reagent (Roche Molecular Biochemicals).
Cell lysates were prepared by three consecutive freeze—thawing
cycles 48 h after transfection and B-galactosidase activities in 30
wl of the lysate were assayed in 0.1 M sodium phosphate (pH
7.5), 0.1 M MgCl,, and 1 mg/ml o-nitrophenyl-B3-D-galactopyr-
anoside. Reaction mixtures of 300 ul were incubated for 1 h at
37°C, stopped by adding 500 ul 1 M Na,COs, and the optical
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Fig. 2. CpG methylation pattern of the LTR region in actively integrated
proviral reporters. Positions of CpG dinucleotides within RSV LTR and the
adjacent leader region are depicted at the top. Summary results of CpG
methylation analysis of individual B-geo proviral reporters is shown at the
bottom. Open triangles, nonmethylated CpG residues; filled triangles, meth-
ylated CpG residues with the number of clones with methylated CpG/total
number of clones analyzed; black block arrows, primers used for PCR and
cloning. K, Kpnl; P, Pstl.

density of yellow color was measured at a wavelength of 420 nm.
Enzyme activities were finally normalized to protein concentra-
tion measured by Bradford dye assay (Bio-Rad protein assay).

Bisulfite Cytosine Methylation Analysis. DNA samples for bisulfite
analysis were digested by restriction endonuclease HindIII.
Bisulfite treatment of DNA was done according to Olek et al.
(24). PCR of the upper strand was performed with primers
complementary to the U3 region of RSV LTR and the leader
region (Fig. 2). Sequences of the primers are as follows:
5'-CAGTGAGCTCGTTTTATAAGGAAAGAAAAG-3" (up-
per) and 5'-CAGTGTCGACCAACTTCTACCCTCCTA-
AAC-3" (lower), respectively. Upper primer contains T and
lower primer A instead of C in positions complementary to
nonmethylable C, i.e., C out of CpG dinucleotides. Sequences
complementary to the proviral U3 and leader are in italics;
cloning sites Sacl and Sall are in bold. PCRs were carried out
with ca. 300 ng of DNA in one agarose bead at 95°C for 45 s,
58°C for 30 s, and 72°C for 30 s (35 cycles). PCR products (418
bp) were cloned into pUC-19 and sequenced by using universal
pUC/M13 forward primer.

GenBank Accession Numbers. Mouse aprt, M11310; provirus H-19,
X15345.

Results

CpG Island Linked to the Provirus Prevents Transcriptional Silencing.
We have chosen the aprt gene CpG island for provirus DNA
protection because its antimethylation effect was defined pre-
viously (3, 4, 25) and an inactive CpG island with mutated Spl
sites is available as a negative control. We have fused a 1.7-kb
fragment of the mouse aprt gene comprising the CpG island, the
promoter region, the transcription start, and two exons of the
coding sequence with the proviral structure RSV LTR, B-geo,
LTR (Fig. 14). Both wild-type and mutated CpG island with
all three Spl sites destroyed (3) were used for transcription
in both orientations (pHgeo, pCPGHgeo, pCPGMHgeo,
pCPGinvHgeo, pCPGMinvHgeo; see Materials and Methods).
These constructs were transfected into Syrian hamster cell line
NIL-2 and CEFs. Cell clones bearing stably integrated and
transcriptionally active proviruses were selected for neo resis-
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tance and visualized by an in situ B-gal colony assay. In NIL-2
cells, transfection of the provirus without CpG island produced
active proviruses with low or zero incidence as illustrated (Fig.
34) and summarized from several independent experiments
(Fig. 3F), whereas proviruses with the adjacent CpG island in the
5'-3" orientation remained active at least 30-times more fre-
quently (Fig. 3 B and F). The inverted 3'-5" orientation of the
CpG island decreased the numbers of colonies with active
proviruses to a slight, but reproducible extent (Fig. 3 C and F).
The mutant CpG island protects integrated proviruses with low
efficiency in the 5'-3’ orientation and is completely inefficient
in the inverted orientation (Fig 3 D, E, and F). In contrast to
NIL-2 cells, high numbers of B-gal positive neo-resistant colonies
were detected in CEFs regardless of the wild-type or mutant
form of the CpG island and its orientation (Fig. 3F). The
presence of an unaltered provirus with the CpG island in proper
orientation was checked by PCR using primers complementary
to the CpG island (L primer) and to the U3 region of LTR (R
primer). As expected, only DNAs from cell clones arising from
the transfection of pCPGHgeo and pCPGMHgeo constructs give
the specific 896-bp fragment (Fig. 1B). The results in NIL-2 cells
suggest that the proviruses integrated in mammalian genomes
are usually inactivated with the exception of those located in rare
chromosomal sites permissive for the RSV LTR-driven expres-
sion. The presence of the CpG island close to the 5’ end of the
provirus prevents its inactivation, probably by an antimethylation
effect. The presence of intact Sp1 sites within the CpG island is
important and proper orientation of the CpG island also plays
some role in this protection.

Insertion of the CpG Island Does Not Increase the LTR Promoter
Strength. By inserting the CpG island of the mouse aprt gene 5’
to the proviral LTR, we have added a promoter/enhancer region
and part of the coding sequence in proximity to the proviral
regulatory sequences. To test the effect of such an insertion on
the promoter strength of the RSV LTR we performed B-galac-
tosidase assays on cell cultures transfected transiently with B-geo
proviral reporter constructs. As shown in Fig. 44, we have not
found any significant differences in the levels of B-gal expression
between cultures transfected with the B-geo provirus alone or
adjacent to the wild-type or mutant CpG island in both orien-
tations. These data indicate clearly that the CpG island does not
improve transcriptional initiation, but acts in some protective
way as an antimethylation tag. Furthermore, we have assayed the
B-gal activities in several independent cell clones expanded from
single neo-resistant colonies after stable transfection of NIL-2
cells by B-geo reporters. We have found high, intermediate, and
low B-gal activities in several clones bearing the provirus pro-
tected by the wild-type CpG island. Among the rare clones
bearing the provirus alone or provirus adjacent to the mutant or
inverted CpG island, we have also found a broad spectrum of
B-gal expression (Fig. 4B). We conclude that RSV-based pro-
viral reporters integrated in hamster cells remain under the
strong influence of flanking cellular sequences, despite the
antisilencing effects of functional CpG islands.

Undermethylation of Transcribed Proviruses. To test whether the
transcriptional activity of proviruses correlates with under-
methylation in their regulatory sequences, we analyzed the
upstream LTRs for methylation at CpG residues in several
neo-resistant and B-gal positive cell clones from the previous
experiment by using the bisulfite technique (24). Irrespective of
the presence or absence of the CpG island, its orientation or
mutation in Spl sites, the LTRs were almost completely de-
methylated in cells expressing the LTR-driven B-geo reporter,
with rare methylated CpGs scattered over the R and US regions
of LTR and leader sequence (Fig. 2). We suggest that the
unmethylated status of at least some CpGs within the 5’ LTR is
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Fig. 3. Colony-forming assay in NIL-2 cells transfected with aprt CpG island

containing proviral constructs. (A) pHgeo, (B) pCPGHgeo, (C) pCPGinvHgeo, (D)
pCPGMHgeo, (E) pCPGMyyHgeo. (F) The total number of neo-resistant B-ga/
positive colonies summarized from three independent colony-forming assays
in NIL-2 cells and in CEFs. All three assays were done in triplicate.

a prerequisite of RSV transcriptional activity in mammalian cells
irrespective of the presence of a CpG island. However, the
proximity of the CpG island and its proper orientation exert an
important protective antimethylation effect and increase the
proportion of active/inactive proviruses.

Protection by the CpG Island in Vivo. To test whether the aprt CpG
island protects the adjacent provirus in vivo we used the onco-
genic proviral structure LTR-v-src-LTR as a reporter of proviral
activity. We have shown previously that this proviral structure
efficiently induces sarcomas when injected s.c. into chickens in
the form of naked plasmid DNA (26). In Syrian hamsters,
however, injection of this DNA does not induce any tumors even
with high doses (13). We have cloned both wild-type and mutant
forms of aprt CpG island upstream of the LTR-v-src-LTR
provirus (plasmids pCPGH-19 and pCPGMH-19, respectively)
and injected these constructs into newborn Syrian hamsters. The
oncogenic provirus protected with wild-type CpG island induced
sarcomas in 48% of DNA-inoculated animals with a mean
latency of 36 weeks (Table 1). The provirus with a mutant form
of the CpG island also produced sarcomas with similar latency,
but with the incidence of only 4%. Cleavage of the plasmid DNA
within the v-src coding sequence disrupts the sarcoma induction
activity, showing clearly that cell transformation is mediated by
v-src and not by position effects of the introduced CpG island.
Again, the provirus alone did not induce any sarcomas even in
doses five times higher. These in vivo experiments suggest again
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Fig. 4. Transcriptional activities of proviral B-geo reporters after transient
transfection and after integration in the host genome. (A) Relative B-gal
activities in CEFs and NIL-2 cells 48 h after the transfection of B-geo proviral
reporters. B-gal activity of pHgeo-transfected CEFs is calculated as 100%. Data
represent the mean + SEM of three parallels. (B) Relative B-gal activities in
NIL-2 cell clones with stably integrated B-geo proviral reporters. 3-gal activity
of transiently pHgeo-transfected NIL-2 cells is calculated as 100%. Data rep-
resent the means of two parallels.

that the CpG island is able to preserve the transcriptional activity
of the adjacent provirus.

Discussion

The well documented concept that DNA methylation in verte-
brates evolved as an additive mechanism of developmental
gene-expression control (2) has been challenged by an opinion
that the main role of DNA methylation is to inactivate tran-
scription of foreign sequences, transposons, and retroviruses
(27). Despite the fact that our results cannot resolve this dispute
they support a notion that intragenomic parasites invading the
host have to overcome the generally suppressive influences of
the surrounding DNA. Evasion from such suppressive influences
might represent one of several important factors which deter-
mine the reshaping of retroviral genomes required for their
adaptation to and coevolution with a new host species. An
example of such coevolution between the parasite and its host

Hejnar et al.



Table 1. Tumor induction in hamsters by H19 proviral DNA with
adjacent CpG island

Frequency of hamsters Latency,
Inoculated plasmid* with sarcomas* weeks*
pCPGH-19 (1-5 ng) 31/64 (48%) 8-65 (36)
PCPGMH-19 (2.5-5 pg) 2/51 (4%) 10-50

pCPGH-19 (2.5 ng) dig. Pvull
pH-19 (25 g)

0/9 (<11%) —
0/10 (<10%) —

*Plasmid DNA was linearized by Sspl digestion at the unique site in the plasmid
vector. Digestion by Pvull which cleaves three times within the v-src coding
sequence was used as a control.

TFrequency of hamsters with sarcomas at the site of inoculation is expressed
as the number of hamsters developing sarcomas/number of hamsters
inoculated.

*The mean latencies (in weeks) are given in parentheses. Inoculated hamsters
were followed for 80 weeks. The ten hamsters inoculated with the high dose
of pH-19 plasmid DNA were followed for two years.

DNA might be the gradual loss of methylable CpGs from
genomes of HIV-1 and HIV-2 (28). RSV, because of its avian
origin and high number of CpGs within LTR and leader se-
quences, can be regarded as not adjusted to efficient expression
in the mammalian host and, therefore, it is usually silenced.
CpG islands of housekeeping genes can serve as refugia of
proviral expression when active antimethylation strategies are
absent. The range of CpGs protective influence is probably
limited; active proviruses were previously found in the vicinity
(up to 2 kb) of CpG islands (16) and, in our study, we have
observed incomplete protection in the U5 part of the LTR (Fig.
2), i.e., approximately 1 kb downstream of the Sp1 region of the
CpG island. Protection from de novo methylation and gene
silencing by the aprt CpG island is far from being absolute and
suppressive influences of the surrounding genome persist. First,
the levels of proviral expression vary in different clones bearing
the same proviral reporter integrated independently (Fig. 4B).
Second, the number of B-geo-expressing NIL-2 colonies induced
by reporter provirus with the wild-type CpG island does not
reach the number of colonies induced in CEFs and, similarly, the
incidence of in vivo sarcomas in hamsters induced by injection of
pCPGH-19 is lower than in the case of MOoMLV LTR-driven
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v-src (13). Third, during the long-term cultivation of B-geo-
expressing colonies we have observed low incidence of B-gal
negative progenitors (variegation), which indicates position ef-
fects at the clonal level. Similar position-effect variegation
persisted in experiments with retroviral vectors equipped with
chicken B-globin chromatin insulator (18, 19) even after ex vivo
preselection of retrovirally transduced stem cells (29).

Several issues should be considered to establish the observed
protection from methylation as a general approach. For instance,
we have been using only one CpG island from the mouse
genome, but testing additional CpG islands of mouse and Syrian
hamster origin will be required to generalize our recent results.
In addition, we should also discuss the possibility of preferential
integration in GC-rich genomic regions, which might be influ-
enced by the presence of a GC-rich insert. In our experiments,
we have tightly controlled this possibility by using the mutant
inactivated version of the CpG island for comparison with the
wild-type CpG island. Because point mutations in three critical
Spl sites almost abolished the protective effect of aprt CpG
island, it seems highly unlikely that the used CpG island might
have facilitated vector insertion in the CpG island-corresponding
genomic region. However, analysis of loci in which CpG island-
equipped reporter vs. CpG island-free reporter integrate should
provide the more conclusive answer.

Transcriptional suppression of RSV proviruses strongly cor-
relates with proviral DNA methylation (10, 11) and, therefore,
RSV is a very suitable tool for these studies. In summary, we
have shown that mouse aprt gene CpG island is able to protect
adjacent nonhomologous genes such as the RSV-based proviral
reporters. Provided that the CpG island sequences necessary for
the prevention of de novo methylation reside in a short man-
ageable element, as shown recently (30), our approach might
enable the construction of RSV-based retroviral vector for
mammalian cells.
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