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SUMMARY

Rous sarcoma virus (RSV) can cause tumors in hamsters, which harbor complete or partially deleted RSV sequences, in
their genomes. Here we have studied the localization of RSV sequences integrated into the genome of cell lines derived from
six independent hamster tumors. We have found that integration occurred in the isochores richest in guanine + cytosine,
of the host genome, as it had been previously observed for bovine leukemia and hepatitis B viral sequences. The integration
of RSV proviral sequences is, therefore, ‘isopycnic’ (i.e., it takes place in host genome sequences which compositionally match
the viral sequences) and compartmentalized (i.e., it occurs in a small compositional compartment of the host genome). The
hamster genome compartment hosting RSV sequences precisely corresponds to a compartment of the human genome which
is the most active in both transcription and recombination. The notion of a compartmentalized, isopycnic integration of RSV
proviral sequences fits, therefore, with the viral integration into transcriptionally active and recombinogenic regions of the
host genome observed by other authors, but is broader, in that it includes, in addition, the requirement for a compositional

match between host genome sequences and expressed viral sequences.

INTRODUCTION

An important aspect of viral integration concerns the
localization of integrated viral sequences in the host cell
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“genome. The long held opinion that viral integration in the

host genome is random (see Weinbérg, 1980, for a review)
was challenged twelve years ago by results showing that
integration is ‘isopycnic’ (i.e., takes place in host genome
sequences which match compositionally the viral se-
quences) and compartmentalized (i.¢., occurs in small com-
positional compartments of the host genome). Indeed, bo-
vine leukemia virus (BLV) sequences were found to be
integrated into the DNA segments richest in %, of guanine
+ cytosine (GC) of the bovine genome (Kettmann et al.,
1979; 1980), which matched compositionally the viral se-
quences and represented less than 159, (most probably less
than 8%, ) of the host genome. Similar results were obtained
in the case of integration of sequences from human HBV
and MMTYV. In the first case, it was shown that eight out
of the nine viral sequences integrated in the Alexander cell



‘line were located in the GC-richest segments, which repre-
sented about 4%, of the genome and also matched compo-
sitionally the viral sequences (Zerial et al., 1986a). In the
second case, endogenous sequences were localized in the
GC-poorest segments of the mouse genome, which again
matched compositionally the viral sequences, whereas exo-
genous sequences showed a slightly broader distribution
(Salinas et al., 1987).

These localization studies could be performed because
vertebrate genomes can be fractionated according to base
composition, or GC level, by preparative centrifugation in
Cs,S50, density gradients in the presence of sequence-
specific DNA -ligands. Indeed, these genomes consist of
isochores, long (> 300 kb) segments of DNA characterized
by a remarkable homogeneity of base composition; iso-
chores from mammalian and avian genomes belong to a
number of families that cover a very broad range of GC
levels (for a review, see Bernardi, 1989).

The features of viral integrations just discussed are
paralleled by those of mobile sequences, which integrate by
retrotransposition. For instance, the very large numbers of
Alu sequences (or SINEs) and long interspersed repeats (or
LINEs) were shown to be localized in human and mouse
genome segments matching their GC-rich (SINEs) or GC-
poor (LINEs) compositions (see Bernardi, 1989). An iso-
pycnic, compartmentalized integration appears, therefore,

TABLE 1

Distribution of RSV-proviral sequences in hamster tumor cell DNA

“to be a very general property of viral and mobile sequences.
In the present work, we investigated retroviral integration

in the genome of well-characterized clones of hamster tu-

mor cells transformed by RSV type 11, as present in rat XC

cells; the latter retained a high degree of malignancy, as

revealed by inoculation into hamsters (Svoboda et al.,

1983). Hamster cells are nonpermissive for this virus and

this excludes reinfection and the presence of unintegrated

proviral sequences. Moreover, they lack endogenous RSV-

like proviral sequences.

"RESULTS AND DISCUSSION

7(a) The hamster tumor cell lines
Six independent cell lines originated from different tu-
mors containing different sets of integrated RSV-specific
sequences (Svoboda et al., 1983; Svoboda and Lhotak,
1984; Pichrtova et al., 1989) were chosen: H-18 with one
complete provirus; H-12 with one provirus deleted in 3’
gag/pol region, and H-14 harboring two such deleted provi-
ruses; H-19, with one defective provirus, only comprising
the src gene and LTRs; H-9, with one complete and two
defective proviruses; H-42, containing amplified complete
and deleted proviral copies (Table I). Fig. 1 presents a map
of the RSV sequences in the genomes of the hamster tumor

Cell line* DNA fractions with hybridizing Hybridizing fragments®
fragments® (kb)
Fraction DNA p GC -
(No.) (%) (g/ml) (%)
H-9K2 6 52 1.7091 50.1 31 29 24 15
7 52 1.7107 51.7 31 29 24 )
H-12K1 7 7.6* 1.7082 49.3 31 29
H-14K1 7 8.7* 1.7102 51.2 31 29
H-18K1 7 3.6 1.7122 53.3
8 1.6* 1.7124 53.5 31 24 1.3
H-19K1 5 10.8 1.7061 47.0 2.65
6 104 1.7083 493
H-42K1 3 15.8 1.7021 43.0 3.1 24) 09)
4 12.1 1.7029 438 3.1 (24) 0.9)
5 11.1 1.7045 454 85 31 24 14 0.9)
6 8.6 1.7059 46.8 85) 3.1 24 1.5 14
7 89 1.7098 50.8 3.1 24 1.5 14
8 5.1 1.7138 54.5 3.1 24 (.5) (14)

* K1 and K2 indicate the monoclonal cell lines used; these indications are not given in the text. For H9-H42 see Figs. 1 and 2.
® For fraction numbers see Fig. 2. % of DNA values refer to total DNA. Asterisked values include satellite and ribosomal DNA.

¢ See Figs. 2 and 3. Values in parentheses correspond to weak bands.
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Fig. 1. Scheme of sequence arrangement of proviral copies integrated in the genomes of the hamster tumor cell lines investigated. EcoRI sites are indicated
by upward arrowheads. Viral genes are indicated by their standard abbreviations..LTR by boxes, cellular DNA by a wavy line, proviral deletions by

open arrowheads. EcoRI fragment sizes are given in kb.

cell lines investigated here. The data used to construct the
maps are derived from the references quoted above.

The following points should be noted. DNA from the
H-18 cell line exhibited the same EcoRI restriction frag-
ments as the Prague RSV-C provirus type II present in rat
XC cells: a 3.1-kb env-src fragment, two 2.4-kb fragments
containing the gag and pol genes, and a 1.5-kb pol-env
fragment. For cell lines H-9 and H-42, which harbor three
and at least five proviral copies, respectively, the sequence
arrangement of the copies, as shown in Fig. 1, is just prob-
able. Transforming viruses could be rescued from all tumor
lines by cell fusion with chicken ﬁbfoblasts either in the

“absence or presence of avian helper virus RAV-1 (Svoboda
et al., 1984; Geryk et al., 1986; J.G., unpublished observa-
tions). In all five cell lines tested (H-9, H-12, H-14, H-18,
and H-19), the v-src gene was found to be preferentially
expressed, as revealed by prominent v-src mRNA radioac-
tive signals in Northern blots and/or by the measurement
of pp60-** product. In some lines, a low degree of viral
replicative gene expression and low amounts of some viral
replicative gene product were detected (Svoboda et al.,
1983; Geryk et al., 1984; Mazurenko et al., 1984; Grofova
et al., 1985).
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(b) Localization of RSV sequences in hamster tumor cells

The CsCl profiles of the DNA fractions obtained by
preparative  density  gradient  centrifugation in
Cs,S0,/BAMD from the cell lines mentioned in section a
are shown in Fig. 2.

The localization results obtained by hybridizing a viral
probe on DNA fractions will be presented in an order going
from the simple to the complex, namely from cell lines
harboring one single complete or defective proviral copy, to
cell lines containing several proviral copies (Fig. 3).

In the case of cell line H-18, the single, complete proviral
copy integrated in the host genome was detected in two
fractions, 7 and 8, having practically the same GC level,
53.3% and 53.5%,, and representing 3.6%, and 1.6%, of the
host genome, respectively. Fraction 8 comprised a satellite
DNA which does not carry the provirus, since the provirus
is mainly found in fraction 7, which does not contain the
satellite. If this is taken into account, we can safely conclude
that the complete provirus is present in a compositional
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containing the GC-richest DNA fragments. It should be
noted that the fractionation of the H-18 DNA was the most
favorable one in that a very large amount of DNA (63%,)
was present in the pellet, a situation favoring the frac-
tionation of GC-rich fractions (and also accounting for the
partial pelleting of satellite DNA ; see legend to Fig. 2).
In three other cases, one or two defective proviruses were
integrated. In cell line H-12, the provirus was found in a
single fraction having a GC level of 49.3%, and representing
7.6%, of the host genome. In the case of H-14, the two
defective proviral copies were found in a fraction having a
GC level of 51.2% and representing 8.7% of the DNA.
Again, these proviral copies were contained in less than
7-9% of host DNA (after correction for the presence of
satellite DNA), this amount obviously representing an
upper limit. These copies were present in fractions very rich
in GC, but apparently not in the GC-richest ones, since in
each case a GC-richer fraction not containing the provirus
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Fig. 2. Fractionation of DNAs from six hamster tumor cell lines (H9-H42) by Cs,SO,/BAMD density gradient centrifugation. The cell lines were derived
from Syrian hamsters inoculated with chicken sarcoma tissue induced by cloned XC provirus type II rescued from XC cells by transfection. All cell lines
originated from primary tumors which developed after a latent period of 5-24 months except for H-19, which derived from a renal metastasis (Svoboda
et al., 1983; Pichrtova et al., 1989). For DNA isolation, in vitro cultured monocellular clones K1 were used, except for H-9 (clone K2). DNA was isolated
from hamster tumor cells either by the method of Kay et al. (1952) or that of Svoboda et al. (1983). The average sizes of DNA fragments were in the
50-100-kb range or higher, as estimated by electrophoretic mobility. DNA samples in 0.1 M Na,SO,/1 mM borate pH 9.4 were fractionated (Cortadas
et al., 1977; Salinas et al., 1986) by preparative density gradient centrifugation at 20°C in Cs,SO,/BAMD. A nominal r, = 0.14 (r,is the molar ligand/nt
ratio) was chosen in order to favor the resolution of GC-rich DNA fractions. Some differences in the actual 7, value led, however, to the formation of
different amounts of pelleted DNA and to different qualities of separation of GC-rich fragments. A pellet (indicated as fraction 1), comprising the
GC-poorest material with the largest amount of bound BAMD and seven fractions (numbered 2 to 8) were routinely obtained, and their buoyant densities
were determined by analytical centrifugation in CsCl run at 25°C and 44000 rpm for 24 h. This approach also revealed the presence of a satellite DNA
peak (centered at about 1.704 g/cm® and representing about 3% of the hamster genome) in the last fractions, which also contained ribosomal DNﬁ.



GC

H-12

_ £ E 15
T2 94 55678 kb

g d3559038
H-18 ‘ﬁ 3.1
“ 2.4
‘ﬁ 15

T 12345678 kb

169

L 265

H-42

o ___I
123456738
Q Ihoesxen
© SITQPILERI
_ 85
s e s 3
w "m‘&&m_z-‘*

s | =13

0.9
T12345678 kb

Fig. 3. Localization of RSV-specific proviral sequences in hamster tumor cell DNA fractions obtained by centrifugation in a preparative Cs,SO,/BAMD
density gradient. After dialysis to eliminate Cs,SO, and BAMD, fractions were digested with EcoRI and analyzed by hybridization under stringent
conditions with pATV8 probe (which comprises the whole RSV genome; Guntaka and Mitsialis, 1980). Such hybridization experiments localized in DNA
fractions provirus-carrying DNA segments that had up to twice the size of the DNA fragments making up the DNA samples used. This is due to the
fact that RSV sequences can be located anywhere on DNA fragments, since the latter derive from the isochores harboring them by the unavoidable random
enzymatic and mechanical degradation that accompanies DNA preparation. In other words, hybridization experiments localized genome segments in
DNA fractions which hosted the proviral sequences and were at least 100-200 kb in size. This is to say that the GC level of the proviral sequences did
not actually influence the buoyant density of the host DNA segments, that were at least 10-20 times larger than proviral genomes. It should be mentioned
here that buoyant density is an additive property; viral and host sequences contribute to the buoyant densities of the DNA fragments containing them

proportionally to their sizes and buoyant densities.

was obtained. In the case of H-19, the GC levels of the two
fractions in which the provirus was present were lower in
GC, being possibly centered at 499, (the following fraction,
52.7%, GC, could not be studied because of lack of DNA).

The other cases studied were more complex because of
the simultaneous presence of complete and defective
copies, and because of the different distributions of those
copies. In the case of H-9, a comphfte copy and defective

copies were present in two fractions representing 10.4%, of
the genome and corresponding to 50.9%, GC. This case was
again very favorable in terms of fractionation, because of
the large amount of pelleted DNA (59.5%).

Finally, in the case of H-42, complete copies were found
in fractions 6-8, which ranged from 46.8%, to 54.5%, GC,
whereas defective copies were found in these fractions, as
well as in GC-poorer ones. Indeed, fractions 6, 7 and 8
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exhibited all the fragments expected from complete provi-
ruses, plus a 1.4-kb band, arising from a defective provirus
carrying a 0.1-kb deletion in the 1.5-kb fragment. Fractions
3, 4 and 5 showed only some of the fragments; from the
complete provirus, those 3.1 and 2.4-kb in size, as well as
fragments arising from other deletions: a 8.5-kb fragment
(also present in fraction 6), which corresponds to internally
deleted gag-cellular sequences, and a 0.9-kb fragment
(Fig. 1). As only 1.4-kb and 3.1-fragments were found in
addition to the 8.5-kb band in fraction 5 (Table I), it is likely
that the proviral genome with the 8.5-kb fragment also had
a 0.1-kb deletion in the env gene. The relatively strong
3.1-kb band in fractions 3 and 4 cannot be identified as a
part of the defective provirus mentioned above, and does
not correspond to any of the proviral genomes known so
far. The complete proviral genomes were localized in GC-
rich fractions corresponding to less than 209, of total
DNA.

(c) The isopycnic integration of RSV sequences

To sum up the results presented in section a, RSV
proviral sequences from the four cell lines containing one or
two complete or defective copy(ies) were found in DNA
fractions ranging from 50-53%, GC and representing
5-8%, of the genome, except in the case of the H-19 cell line,
where RSV-containing fractions were probably close to
49%, in GC and represented a larger %, of the host genome.
In the case of multiple proviral copies, complete copies were
always found in the GC-richest fractions (47-54%, GC
range) and defective copies in GC-poorer ones.

If one recalls that the GC level of the RSV genome is
54.2%, (with minor differences for the partially deleted
copies), these data indicate an isopycnic, compart-
mentalized viral integration, which is very similar to those
previously reported for BLV and HBV (Kettmann et al.,
1979; Zerial et al., 1986).

The GC level of DNA fragments harboring proviral se-
quences (considering only the complete ones when multiple
sequences were present), was found to be slightly lower
(47-54% GC) than the GC level of the integrated proviral
genomes. The compositional features of viral, transcribed
sequences appear, therefore, to be similar to those of cellu-
lar transcribed sequences in general. Indeed, transcribed
sequences, like mammalian exons, are 5-109, higher in GC
than the flanking intergenic sequences (Aissani and
Bernardi, 1991; D’Onofrio et al., 1991), this difference
tending to increase when the GC levels of genes increase
(paper in preparation). A very similar situation had been
previously found for BLV and HBV.

The GC-richest compositional compartment of the
hamster genome in which integrated RSV sequences were
found does not reach the GC level of the GC-richest com-
partment of the human or bovine genomes, because the

“hamster genome, like those of mouse and rat, belongs to a

group of mammalian genomes (those of murids, cricetids
and spalacids) which exhibit a narrower compositional
pattern than that generally found in mammals and do not
reach very high GC levels (Salinas et al., 1986; Zerial et al.,
1986b; Mouchiroud et al., 1987; 1988). The GC-richest
compositional compartment of the mouse and rat genomes
has been shown, however, to correspond precisely to the
GC-richest compartment of the human genome by (i) de-
monstrating a conservation of the order of GC levels of
homologous genes and of their different codon positions
(Mouchiroud et al., 1988); and (ii) showing that in the
species under consideration (mouse/rat and man) these
compartments are the richest in genes (Bernardi et al,,
1988 ; Mouchiroud et al., 1991) and in CpG islands (Aissani
and Bernardi, 1991a,b). Since CpG islands are regularly
associated with housekeeping genes (Gardiner-Garden and
Frommer, 1987), this compositional compartment is also
most likely to host the highest concentration of house-
keeping genes, which are constitutively expressed in all
cells. These facts indicate that the RSV sequences are
present in a compartment of the mammalian genome which
is the most transcriptionally active. This compartment is
also the most recombinogenic one (Bernardi, 1989), and
coincides with T-bands at the chromosomal level (paper in
preparation), as previously suggested (Gardiner et al.,
1990).

“(d) Conclusions

The conclusion that the integration of viral sequences can
occur at multiple sites of host DNA and that there are no
preferred target sequences for viral insertion was based on
the primary structure of DNA stretches in host-virus
junctions and on analyses of restriction fragments of cellu-
lar regions flanking integrated proviral sequences (Hayward
et al., 1981; Payneet al., 1982; Brown et al., 1987; Fujiwara
and Mizuuchi, 1988). These lines of evidence ruled out the
existence of a small number of target sites of integration, but
they did not, in fact, demonstrate that integration was ran-
dom at sites distributed all over the genome, even if they
were generally so interpreted. In fact, random integration is
not only contradicted by the previous and present results on
the isochore localization of integrated viral sequences, but
also by other more recent data.

Indeed, viral genomes appear to integrate preferentially
into DNase I-hypersensitive chromosomal regions (Vijaya
et al., 1986; Rohdewohld etal., 1987), and into tran-
scriptionally active genome regions, as shown by studies on
adenovirus integration sites (Schulz et al., 1987), the ana-
lyses of the transcriptional activity of cellular target se-
quences for retroviruses in mice (Scherdin et al., 1990), the
preferential insertion of Moloney murine leukemia se-
quences in the vicinity of transcribed DNA (Mooslehner



et al., 1990), and of transcribed Rous sarcoma proviruses
near CpG-rich islands in infected rat cells (Fincham and
Wyke, 1991).

At this point, we can draw the major conclusion of this
paper, namely that the isopycnic, compartmentalized pro-
viral localization found here for RSV, and in previous inves-
tigations for BLV and HBYV fits, in fact, with the recent
findings reported by other investigators. Indeed, as
mentioned in the preceding section, the compositional
genome compartment in which integrated viral sequences
were found is characterized by the highest transcriptional
activity. It should be stressed, however, that the concept of
isopycnic integration of viral sequences is broader than that
of integration into transcriptionally active genome regions,
because it includes an additional key requirement, that of a
compositional match between the host genome sequences
and the expressed viral sequences (see below). Incidentally,
even if the wording ‘isopycnic, compartmentalized’ inte-
gration has been generally used in this paper, it is obvious
that what really matters is the compositional match. In fact,
because of the great compositional heterogeneity of the
genome of warm-blooded vertebrates, any isopycnic inte-
gration will be a compartmentalized one.

The conclusion just presented deserves the following re-
marks. (/) The viral sequences under consideration here,
like those investigated in previous studies along the same
line, are expressed sequences. Nonexpressed sequences
may exhibit a broader compositional range of integration
sites. For instance, the only nonexpressed sequence from
HBY integrated in the Alexander cell line was located in a
GC-poor host genome compartment (Zerial et al., 1986a).
It is not impossible that some amplified, deleted copies of
RSV which were found here in lower GC fractions are also
nonexpressed. In this connection, the report of Fincham
and Wyke (1991) that expressed RSV sequences are close
to CpG islands in the rat genomes, whereas silent copies are
far from them is of great interest, because it strongly sug-
gests that the former are localized in very GC-rich regions
and the latter in GC-poorer regions. Indeed, in the mouse
and rat genomes CpG islands are heavily concentrated in
the GC-richest isochores (Aissani and Bernardi, 1991a,b).
(i) The different localization of MMTYV provirus in the
GC-poorest isochores of the mouse genome matches the
distribution of most tissue-specific genes and is apparently
related to the hormone-dependent, tissue-specific expres-
sion of MMTYV sequences. (iii) A final point to be con-
sidered is whether there are any preferential sites for inte-
gration in the compositional compartment in which viral
sequences are found. In all likelihood, recombination-prone
sites may be preferentially used in proviral integration, even
under nonselective conditions (Shih et al., 1988). Along this
line, preferential integration of DNA virus sequences at
specific cytogenetic sites associated with constitutive chro-
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‘mosomal fragility was reported (Popescu et al., 1987).

More recently, it has been shown that the AAV genome and
the AdS/SV40 hybrid virus sequences preferentially inte-
grate at a specific site on human chromosome 19 and at a
highly recombinogenic site on human chromosome 1, re-
spectively (Kotin etal., 1990; Romani etal, 1990).
Needless to say, these observations fit with the fact that the
GC-richest compartment of the human genome is also the
most recombinogenic one (Bernardi, 1989).
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