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We have analyzed the transcriptional activity of cellular target sequences for Moloney murine leukemia virus
integration in mouse fibroblasts. At least five of the nine random, unselected integration target sequences

studied showed direct evidence for transcriptional activity by hybridization to nuclear run-on transcripts
prepared from uninfected cells. At least four of the sequences contained multiple recognition sites for several
restriction enzymes that cut preferentially in CpG-rich islands, indicating integration into 5' or 3' ends or

flanking regions of genes. Assuming that only a minor fraction (<20%) of the genome is transcribed in
mammalian cells, we calculated the probability that this association of retroviral integration sites with
transcribed sequences is due to chance to be very low (1.6 x 10-2). Thus, our results strongly suggest that
transcriptionally active genome regions are preferred targets for retrovirus integration.

An essential step in the replication of retroviruses is the
integration of a DNA copy of the viral RNA genome (the
provirus) into the DNA of the infected host cell. Although
viral DNA synthesis by reverse transcriptase and the struc-
ture of proviral DNA have been studied in detail (5, 10, 27,
42, 45, 47), no clear rules have emerged regarding the sites of
integration of retroviruses into the cellular genome. Many
studies using restriction and DNA sequence analysis have
shown that provirus integration can occur at multiple sites
without apparent sequence specificity (5, 10, 27, 42, 45, 47),
and it was generally assumed that integration occurs essen-
tially at random. On the other hand, retroviruses and other
insertion elements show a remarkable preference for inte-
gration into 5' noncoding or intron sequences of cellular
genes (1, 6, 7, 9, 12, 14-19, 22, 26, 30, 33, 35, 37, 40, 44, 48),
and it has been proposed that factors other than nucleotide
sequence may influence the integration process (4, 31, 43,
46). Most of these studies were performed with cells selected
for phenotypic changes (e.g., retrovirus-induced transforma-
tion) and therefore did not allow any conclusions regarding a
possible preference of the integration process. However,
recent analyses of unselected integration events also indicate
that provirus insertion is much less random than previously
thought. Studies by Vijaya et al. (46) and us (31) have shown
that proviral integration sites always map within a few
hundred base pairs of a DNase-hypersensitive chromatin
site. Shih et al. (36) have discovered highly preferred inte-
gration target sequences in the avian genome. Because the
close association between retroviral integration sites and
DNase-hypersensitive sites suggests that actively tran-
scribed genome regions are preferred targets for provirus
insertion, we have analyzed the transcriptional activity of
cellular target sequences for provirus integration.
Random integration sites for Moloney murine leukemia

virus (M-MuLV) in NIH 3T3 mouse fibroblasts were molec-
ularly cloned as follows. 3T3 cells were infected with M-
MuLV-SuP, a virus construct that contains a bacterial
suppressor tRNA gene in its long terminal repeats (LTRs)
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and allows selective cloning of proviral-host DNA junction
fragments (29, 31). Genomic DNA from M-MuLVWsUP-infect-
ed cells was digested with EcoRI or HindIlI and ligated
to EcoRI-digested bacteriophage lambda Charon 4A or
Hindlll-digested lambda NM788 arms. The presence of
the bacterial suppressor tRNA gene in the LTRs of
M-MuLV-SuP allows the direct selection of phages contain-
ing proviral insertions in Su- bacterial host strains. EcoRI
does not cleave within the M-MuLV proviral DNA and
therefore produces fragments containing a complete pro-
viral genome plus flanking cellular sequences at either end.
HindIlI cleaves M-MuLV DNA once and produces frag-
ments containing either the 5' or the 3' portion of the proviral
DNA plus 5'- or 3'-flanking cellular sequences extending to
the next HindIII site in the cellular DNA (31). Unique probes
specific for individual integration sites were prepared as
described previously (31). Briefly, the EcoRI or HindIII
inserts from recombinant phages growing in Su- bacteria
were recloned in pUC plasmids. The proviral and cellular
fragments in each insert were identified by double digestion
with EcoRI and HindlIl, respectively, and BamHI, which
generates indicative internal fragments. 5'-Flanking se-
quences were then recovered and subcloned by using a
BamHI site close to the end of the 5' LTR, and 3'-flanking
sequences were recovered and subcloned by using a SmaI
site in the 3' LTR. Unique subfragments were then identified
by appropriate restriction digests and hybridization to
Southern blots of restriction enzyme-digested genomic
mouse DNA.
Probes specific for nine different proviral integration sites

were used. Their derivations and locations with respect to
proviral integration sites are shown in Fig. 3. Note that
probes H5 and H6 and probes E7A and E7B are adjacent
DNA fragments derived from the same integration site. All
probes used were unique, i.e., hybridized in Southern blots
with a single genomic HindIlI or EcoRI fragment (data not
shown) except for clone E7; all subfragments prepared from
this clone contained either highly repetitive sequences (E7A)
or middle repetitive sequences (E7B). Plasmid clones con-
taining the individual probes were digested with appropriate
restriction enzymes, and Southern blots of the digested
DNAs were hybridized to radiolabeled RNA transcribed in
vitro (nuclear run-on transcripts) prepared from uninfected
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FIG. 1. Screening of retroviral integration target sequences for transcriptional activity. Plasmid clones containing the unique DNA
fragments derived from nine M-MuLV integration target sequences (see Fig. 3) were digested with appropriate restriction enzymes to cut out
the inserts (except for clones H8 and E22, which were linearized to produce plasmid-containing fragments of 4.7 and 4.4 kb, respectively).
The DNAs were then separated by agarose gel electrophoresis, blotted onto nitrocellulose filters, and hybridized to radiolabeled nuclear
run-on transcripts from 3T3 mouse fibroblasts (A to C) or P19 EC cells (D and E) as described previously (13). A plasmid containing a 1.6-kb
rat alpha-tubulin cDNA clone (23) was included as a positive control (T). Numbers above the lanes refer to the integration target sequences
shown in Fig. 3. Clones H5 and H6 are adjacent fragments derived from the same integration target sequence (Fig. 3). The inserts from at
least five of the nine integration target sequences analyzed (H6, H7, H8, E7, and E22) hybridized to nuclear run-on transcripts from 3T3 cells.
Three of these clones (H8, E7, and E22) also hybridized to transcripts from P19 cells.

3T3 cells or P19 embryonal carcinoma cells as described
previously (13). Because nuclear run-on transcripts are
primary transcripts and hybridize equally well to exon and
intron sequences (13), this procedure also gives a positive
result when integration has occurred into intron sequences.
A clone containing a rat alpha-tubulin cDNA (23) was used
as a positive control. At least five of the nine random,
unselected integration target sequences analyzed hybridized
to run-on transcripts from 3T3 cells (clones H6, H7, H8, E7,
and E22; Fig. 1A to C), indicating that integration in these
cases has occurred into transcribed genome regions. Two of
the transcriptionally active integration target sequences (H6
and H7) were expressed in 3T3 but not P19 cells (Fig. 1D and
E), whereas the remaining three (H8, E7, and E22) were

expressed in both. Note that clones H5 and H6 are adjacent
fragments derived from the same integration target se-

quence. Whereas probe H6 reproducibly showed hybridiza-
tion to nuclear run-on transcripts, probe H5 did not, indicat-
ing that integration in this case has occurred into a region at
which transcription either initiates or terminates. The levels
of expression of the individual clones were in the range of
that of the alpha-tubulin gene and were similar in both cell
types except for E7A. Transcripts hybridizing to this clone
were approximately 10 times more abundant in 3T3 cells
than in P19 cells (compare Fig. 1A and 1E). Because the
run-on transcripts were prepared from uninfected cells, our

results show that the integration target sequences are tran-
scriptionally active before integration of the virus. The
nature of the transcripts (e.g., size, polyadenylation, intrac-
ellular distribution, and abundance) and the expression
patterns in additional cell types have not been studied. We
also do not know whether the integration sites are located in
exon or intron sequences. Our results do not exclude the
possibility that the remaining integration target sequences
are transcriptionally active as well but are transcribed at a

frequency too low to be detected by the methods used.
Alternatively, integration in these cases may have oc-

curred into flanking regions of transcriptionally active genes.
To study this latter possibility in more detail, we analyzed
the integration target sequences for the presence of CpG-rich
islands. Increasing evidence indicates that CpG-rich islands
are associated with the 5' ends of all housekeeping genes and
many tissue-specific genes and with the 3' ends of some
tissue-specific genes but are not present in CpG-depleted
bulk DNA (2, 11). The association with CpG-rich islands has
in fact been exploited to detect and molecularly clone
potential gene sequences in mammalian DNA (8, 25, 28).
The presence of a CpG-rich island in an integration target
sequence would therefore strongly suggest integration in the
vicinity of a gene even in the absence of direct proof for
transcriptional activity. CpG-rich islands can be located by
cleavage with restriction enzymes that have one or several
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FIG. 2. Analysis of CpG-rich sequences in retroviral integration
target sequences by restriction and Southern blot analysis. (A)
Subclone of clone E5 containing cellular sequences located 5' of the
proviral integration site (the 1.5-kb EcoRI-PstI fragment shown in
Fig. 3) was linearized with EcoRI to produce a 4.2-kb fragment (lane
4) and further digested by the rare cutting C-G restriction enzymes

SacII (lane 3), SmaI (lane 2), and BssHII (lane 1). The clone
contains at least one restriction site each for SacII and BssHII and
two sites for SmaI. Because these enzymes do not cut the vector

DNA, the recognition sites must be in the insert sequences. Lane M,
DNA size marker. (B) To detect possible CpG-rich sequences

located near provirus integration sites but not included in the
molecular clones isolated (i.e., in the portions of the integration
target sequences shown in Fig. 3), genomic DNA from uninfected
3T3 mouse fibroblasts was digested with HindIll (lane 1) or double
digested with HindIll and SmaI (lane 2), SacII (lane 3), or BssHII
(lane 4). The DNAs were separated by gel electrophoresis, Southern
blotted, and hybridized with 32P-labeled H8 DNA (see Fig. 3).
Hindlll cleavage of genomic DNA from uninfected 3T3 cells gen-

erates an 11-kb integration target fragment (see Fig. 3) that is
cleaved by SmaI, SacIl, and BssHII into 2.8-, 3.2-, and 3.3-kb
subfragments, respectively, showing that the genomic DNA con-

tains a cluster of restriction sites for these enzymes in close
proximity to the integration site outside of the cloned H8 DNA. In
similar experiments, CpG-rich sequences were mapped by using
clones H5 and H7 as hybridization probes. No CpG-rich sequences

were detected in the remaining clones (data not shown).

CpG dinucleotides in their recognition sequences. There-
fore, we mapped restriction sites for SacII, SmaI, and
BssHII in the individual integration target sequences. Two
examples are shown in Fig. 2; the restriction sites for the
enzymes used and their approximate locations relative to the
proviral integration sites are shown in Fig. 3. We found
restriction sites for SacII, SmaI, and BssHII in four of the
nine clones analyzed (H5/6, H7, H8, E5; H9 contained only
a SmaI site). Three of these (H6, H7, and H8) also hybrid-
ized to run-on transcripts (Fig. 1), whereas one clone (E5)
did not. In all cases, the sites were clustered in a region of 1
to 2 kilobase pairs (kb) and not distributed randomly over the
DNA fragment analyzed. It has been estimated that recog-

nition sites for such enzymes can be expected about once

every 1,200 base pairs in CpG-rich islands but with an

approximately 50- to 100-fold-lower frequency in bulk DNA
(25). Thus, our results indicate that the clones contain
CpG-rich islands, i.e., are likely to be derived from the 5' or

3' ends or flanking regions of genes. DNA sequence analyses

will have to verify the presence of CpG-rich islands in the
vicinity of the M-MuLV integration sites analyzed.
A summary of the results obtained so far is shown in Fig.

3. At least five of the integration target sequences showed
direct evidence for transcriptional activity by hybridization
to nuclear run-on transcripts. Thus, at least five of the nine
random, unselected integrations of M-MuLV in mouse fibro-
blasts studied have occurred into transcriptionally active
genome regions. This is a minimal number because the
remaining integration sites may also be located in tran-
scribed regions of the genome but were not detected by the
methods used. Furthermore, one additional sequence also
appears to be derived from a transcribed genome region
because it contains multiple recognition sites for restriction
enzymes that cut preferentially in CpG-rich islands. On the
basis of saturation hybridization experiments with total cell
RNA and nonrepetitive DNA, it has been estimated that
about 2% of the mammalian genome is being expressed and
that heterogenous nuclear RNA in mouse L cells is about
fourfold more complex than mRNA (24). Thus, only a minor
fraction of less than 10% of the genome is transcribed in
mammalian cells. If we assume that a similar fraction of the
genome comprises flanking, regulatory sequences of genes,
the total transcriptionally active portion of the genome is less
than 20%. The probability that five of nine random retrovirus
integrations have occurred into the 20% transcriptionally
active fraction of the genome by chance can be calculated to
be

9! \ /15 4 4

or 1.6 x 10-2. This is a conservative estimate because
provirus integration may be confined to areas in the 5' or 3'
ends or flanking regions of genes characterized by a DNase-
hypersensitive chromatin structure; i.e., the actual target
sequences available for integration may be much less than
20% of the genome. In any case, our results strongly suggest
that unselected retrovirus integrations occur preferentially
into transcriptionally active genome regions. A similar pref-
erence was reported in a study of several adenovirus recom-
bination sites which showed that all insertions analyzed had
occurred into transcriptionally active genome regions (34).
Similarly, there is evidence that other cellular events involv-
ing DNA recombination such as immunoglobulin gene rear-
rangement (3) or mating-type switching in yeast cells (20) are
enhanced by transcription. Although the enzymes catalyzing
different recombination events certainly differ from the
retroviral integrase, there may be common general features
of the host cell DNA that render a sequence a preferred
target for recombination. Transcriptional activity per se may
be required to establish a chromatin configuration that
allows access of the foreign DNA and of the recombination
machinery to the cellular DNA and may thus favor recom-
bination. It is noteworthy that in vitro integration reactions
failed to reveal preferential integration target sequences (5),
supporting the notion that not the DNA sequence but the
topological state of the chromatin or DNA determines the
accessibility of a target sequence for provirus insertion in
vivo.
Three of the nine integration target sequences studied by

us so far showed neither evidence for transcriptional activity
nor the presence of a CpG-rich island in the vicinity of the
integration site (H3, H4, and H9; Fig. 3). We cannot rule out
the possibility that these integrations also have occurred into
transcribed genome regions but the transcription rate is too
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FIG. 3. Summary of analysis of unselected M-MuLV integration target sequences in 3T3 mouse fibroblasts. Clones H3 to H9 were isolated
as Hindlll fragments containing either a 5' proviral moiety plus 5'-flanking cellular sequences (H3 to H7) or a 3' proviral moiety plus
3'-flanking cellular sequences (H8 and H9). ---, Sequences outside the molecularly cloned portions of the integration target sequences; their
sizes and the proviral insertion sites were deduced from restriction and Southern blotting experiments (31; data not shown). Clones ES, E7,
and E22 were isolated as EcoRI fragments containing an entire proviral genome plus flanking cellular sequences from either end (see text).
Restriction sites for BamHI (B), EcoRI (E), HindlIl (H), and PstI (P) that were used to prepare the unique subfragments are indicated. Other
symbols: -, unique probes used for Southern blot and run-on analyses; l, proviral integration site; ++++, sequence expressed in 3T3
cells; ++++4, sequence transcribed in 3T3 and P19 cells; *., location of a CpG-rich sequence; V, position of a previously mapped DNase
I-hypersensitive site (29) (DNase-hypersensitive sites in the remaining clones have not been mapped).

low to be detected by the methods used or that transcription
initiates or terminates further upstream or downstream of
the DNA fragments analyzed. It is also possible that inte-
gration in these cases has occurred into a region with an

altered chromatin structure which is associated with cellular
functions other than transcription, such as matrix- or topoi-
somerase-binding sites or origins of DNA replication. We
have in fact obtained preliminary evidence that two of these
clones (H3 and H4) contain a sequence capable of inducing
DNA bending (D. Roche and M. Breindl, unpublished ob-

servation). Such sequences have been detected in the prox-
imity of several origins of DNA replication, suggesting a

function in the initiation of DNA replication (21, 32, 38, 39,
41, 49). Some of the highly preferred integration sites for
Rous sarcoma virus studied by Shih et al. (36) appear to be
associated with nuclear matrix-binding sites (J. Coffin, per-
sonal communication). Thus, retroviruses may be valuable
tools for the identification and molecular cloning of DNA
sequences with cellular functions other than transcription for
which no screening procedures exist.
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