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SUMMARY

The location of HTLV-I (human T-cell leukemia virus type 1) proviral sequences in the genome of infected human
cells was explored by hybridization of a viral probe with compositional fractions of host-cell DNAs. In the twelve cases
examined, HTLV-I sequences were absent from the GC-poorest 40% of the host genome (namely, from isochores that
are below 39% GC). Transcriptionally inactive proviral sequences were localized in GC-poor isochores (comprised
between 39% and 42-44% GC) of the human genome, which are characterized by a constant and low gene concentration.
In contrast, transcriptionally active proviral sequences were found in the GC-rich and very GC-rich isochores, which
are gene rich, transcriptionally and recombinationally active, and endowed with an open chromatin structure. Since
GC-rich isochores are present in R’-bands and very GC-rich isochores form T-bands, these results also provide informa-
tion on the location of HTLV-I proviral sequences in human chromosomes. The results obtained with HTLV-I are in
agreement with the non-random, compartmentalized integration of animal retroviral sequences that had been previously
observed in other viral-host systems. They provide, however, much more detailed information on the regional location
of proviral sequences in the host genome and on the correlation between their transcription and their location.

INTRODUCTION then integrated, as a provirus, into the host-cell genome.
The widespread opinion that retroviral integration into
the host genome occurs randomly (see Weinberg, 1980)
was challenged 15 years ago (Kettmann et al., 1979; 1980)
by an approach based upon the compositional fraction-
ation of mammalian genomes. These genomes are
mosaics of very long (>300kb) DNA segments that
are compositionally homogeneous. They are termed

isochores (see Bernardi, 1989; 1993, for reviews) and com-

In retroviral infection, genomic viral RNA is reverse
transcribed into a double-stranded DNA copy which is
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prise a small number of families, covering a very extended
GC range (30-60% GC for the human genome). The
large DNA fragments, 50-100 kb in size, that form stan-
dard DNA preparations and result from random physical
and enzymatic degradation of chromosomal DNA during
its extraction, reflect the base composition of the



isochores from which they derive. They can be fraction-
ated by preparative equilibrium centrifugation in Cs,SO,
density gradients in the presence of sequence-specific
DNA ligands. In the human genome, two GC-poor
isochore families, L1 and L2, form 62% of the genome,
and three GC-rich isochore families, H1, H2 and H3,
make up 20%, 10% and 3-5% of the genome, respec-
tively, the rest being represented by satellite and ribo-
somal DNA. Hybridization of the integrated viral
sequences in compositional fractions of host-cell DNA
with appropriate probes showed that, in all cases investi-
gated so far, integration of transcribed viral sequences is
‘compartmentalized’ and ‘isopycnic’, i.e., it takes place in
the isochore families that show a compositional match
with the viral sequences. This compartmentalized integ-
ration was found for BLV (Kettmann et al., 1979; 1980),
HBYV (Zerial et al., 1986a) and RSV (Rynditch et al., 1991)
sequences, which all integrate into GC-rich regions of the
host genome, and for MMTYV sequences (Salinas et al,,
1987), which integrate into GC-poor regions.

These results can be put in a more general context by
two findings. Firstly the distribution of genes in mamma-
lian genomes is strikingly non-uniform (Bernardi et al.,
1985; Mouchiroud et al., 1991). The majority of genes,
and housekeeping genes in particular (Aissani and
Bernardi, 1991), are located in the GC-rich isochore fami-
lies that only represent one third of the genome. Secondly,
retroviral genomes fall into two compositional classes
(Zoubak et al,, 1992): a large GC-rich class, comprising
all oncoviruses (like BLV, HTLV-I and RSV), except
B-type and some D-type oncoviruses; and a minor
GC-poor class formed by lentiviruses, spumaviruses,
B-type oncoviruses (like MMTV) and some D-type
oncoviruses.

HTLV-I is the causative agent of adult T-cell leukemia
(ATL) and HTLV-I-associated myelopathy/tropical spas-
tic paraparesis (HAM/TSP). The integration of this
GC-rich retrovirus is of interest because it would be ex-
pected to occur in the compartments of the host genome
that are characterized by high concentrations of genes.
These compartments correspond to R-bands of meta-
phase chromosomes, namely to bands that show early
replication and high levels of transcription and recombi-
nation (see Bernardi, 1989).

As far as the integration of the HTLV-I proviral
genome into chromosomal DNA of leukemic cells is con-
cerned, it should be recalled (i) that the sites of integration
have been shown to differ from case to case (Seiki et al.,
1984) and to be located in different chromosomal regions;
(ii) that polyclonal proviral integration was observed
both in asymptomatic HTLV-I carriers and in patients
with HAM/TSP (Greenberg et al., 1989); however, clonal
integration has been reported in patients with ATL, indi-

" Cell type or Virus
clone examined

cating clonal expansion of infected cells (Ohshima et al.,

1991; Furukawa et al., 1992); (iii) that integration qf the
proviral genome has been thought to be a prerequisite
for the development of ATL (Yoshida et al., 1984); and
(iv) that both complete and defective proviruses have been
detected in cell lines of leukemic origin (Salahuddin et al.,
1983; 1984; Yoshida et al., 1985; Aldovini et al.,, 1986;
Kobayashi et al., 1986) and in cells directly isolated from
patients (Hiramatsu et al., 1986; Ohshima et al., 1991). If
these cells contain only defective proviral forms, the pX
region that encodes regulatory proteins (see, for refer-
ences, Franchini et al, 1993) was usually preserved
(Ohshima et al., 1991).

'RESULTS AND DISCUSSION

(a) Hybridization results

HTLV-I sequence localization was studied in five
HTLV-I immortalised cell lines and seven T-cell clones
from patients with HAM/TSP or HTLV-I-associated
polymyositis. The transcriptional activity of the pro-
viruses in these cells and details of virus production are
presented in Table I.

"TABLEI

Properties of cell lines and clones

Proviral

production transcription

" HTLV-I-transformed

cell lines®
C10/MJ
C8166
Hut-102
C91/PL
MT-2

+4++ 0+
+ 4+ +++

X_cell clones®

Ph1C
Du4
Mulé
Du43 - -
Mu40 - -
Cp9

Cpl10

+ 4+
+ +




High-M, DNA samples from the cells used (> 50 kb as
estimated by gel electrophoresis using whole A DNA as
a size marker) were fractionated by preparative Cs,SO,
density-gradient centrifugation in the presence of
bis(acetatomercurimethyl)dioxane, BAMD, a sequence-
specific DNA ligand (see Bernardi, 1989). Usually, seven
fractions covering the 38-54% GC-range and a pellet
(fraction 1) containing the most GC-poor material were
prepared and analyzed in CsCl density gradients. The
results of a typical experiment are presented in Fig. 1.
The relative amounts of DNA found in individual frac-
tions, as obtained from the different cells investigated, are
displayed in Fig. 2.

The presence of proviral sequences in the DNA
fractions was detected by Southern blot analysis on
restriction digests obtained with EcoRI, an enzyme that
does not cut the proviral sequence, so that the number
of different-size bands reflects, as a rule, the number of
proviral copies.

The autoradiographs of four Southern blot analyses
showing hybridization patterns characterized by different
features, such as different distributions in compositional
fractions, different intensities and spreads of same-size
bands, faint bands and smears are presented in Fig. 3.
The results of all analyses are schematically presented in
Fig. 4. They will be commented below.

(i) Since the starting population of molecules carrying
a given proviral sequence is the result of random break-
age occurring during DNA extraction, proviral sequences
may be positioned at different locations on DNA mole-
cules. For this reason, hybridization explores a chromo-
somal region almost twice as large as the average size of
the DNA molecules investigated (in fact, 1.7-times as
large, assuming a Poisson distribution of the starting
DNA molecules). Since molecular sizes of DNA prepara-
tions were always higher than 50 kb, regions larger than
100 kb around the integrated sequence were explored in
all experiments. Thus the fragments carrying the provirus
are more than 6-times as large as a complete proviral
sequence, 9 kb, and up to 12 or more times larger in the
case of defective proviruses (HTLV-I positive fragments
may be as small as 4.5-4.6 kb; see Fig.4). This means
that the contribution of composition of the provirus
(53.9% GC) to the GC level of the provirus-containing
fragments can be neglected. Indeed, in the most unfavor-
able case of a full-size provirus carried by host DNA
fragments of only 50 kb and derived from the lowest GC
(39% GC) isochores, the DNA fragments would be
increased in GC from 39% to 41% by the provirus.

(i) In most cases, a given fragment containing a provi-
ral sequence was present in more than one fraction be-
cause Brownian diffusion of DNA molecules in the
50-100 kb size range leads to a relatively broad distribu-
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Fraction Modal buoyant

number density peak, Relative amount, %

g/cm3 |
1 1.6969 15.8
2 1.6978 10.5
3 1.6995 22.0
J
|
4 1.7022 — 21.7

5 17048

6 1709

7 17132

8 17153 T N 13

1.700 1.710

Buoyant density, g/cm 3

Fig. 1. Buoyant density profiles as determined by analytical centrifu-
gation in CsCl on fractions 1-8 of MT-2 DNA (see Table I) obtained
by Cs,SO, /BAMD density gradient centrifugation. A molar ligand/nt
ratio (R¢) of 0.12 was used. In some experiments the actual R; was,
however, different from the nominal value of 0.12, possibly because of
the presence of contaminating traces of proteins and/or RNA that bind
BAMD. This accounts for the fact that the pelleted DNA (which is
characterized by the lowest GC level and by the highest BAMD bind-
ing) varied in amount in different experiments (see Fig. 2). As a conse-
quence, in addition to the arbitrary cutting of the gradient, a given
fraction does not generally correspond to a given GC level. A satellite
DNA peak (p=1.700 g/cm?) is visible in fractions 6-8. The modal
buoyant densities of main-band DNA and the relative amounts of DNA
in the fractions are indicated.
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Fig. 2. Relative amounts of DNA in compositional fractions from trans-
formed cell lines (top) and T-cell clones (bottom) described in Table 1.

tion in the gradient. In some special cases, the composi-
tional heterogeneity of the chromosomal region under
study may also contribute to band spreading, as when
the integrated sequence is near an isochore border char-
acterized by a strong compositional discontinuity. A peak
in the distribution of any given hybridizing fragment
could always be identified by comparing band intensities
of consecutive fractions and by taking into account the
signal enrichments (see legend to Fig. 3).

(iii) The intensities of hybridization bands in DNA
from established cell lines were found to correlate with
the proportion of HTLV-I harboring cells in the sample
(Manzari et al., 1983). Some faint bands not described
so far were seen in unfractionated DNA (see, for example
the 6.7-kb band of Hut-102, Fig. 4), but most of them
were only detected in the DNA fractions because of the
enrichment of the hybridization signals mentioned above.
Such non-stoichiometric faint bands could correspond to
viral sequences originating from small populations of
cells that diverged from the main population because of
deletions and/or rearrangements of cellular and/or viral
DNA. It should be stressed that faint bands present in
the last fractions correspond to extremely small popula-
tions, because of the strong enrichment of HTLV-I hy-
bridization signals (up to 200 times; see legend to Fig. 3)
occurring in these fractions.

(iv) In established cell lines the number of integrated

proviral copies varied from two to eight, as estimated by
the number of bands corresponding to different-size frag-
ments, which may be larger or smaller than a complete
provirus, 9kb (see Fig.4). The higher provirus copy
number in immortalized cells (MT-2, C91/PL, C8166,
C10/MJ, Hut-102) is a consistent finding (Markham
et al., 1983; Franchini et al., 1984; Watanabe et al., 1984;
Kobayashi et al., 1986; Aldovini et al., 1986; Berneman
et al, 1992) and may reflect reinsertion of the provirus
during cultivation (Franchini et al., 1984). In this connec-
tion, it should be mentioned that the number of proviral
copies reported for Hut-102 varied from three (Franchini
et al,, 1984) to nine (Watanabe et al., 1984).

(v) The T-cell clones showed a single hybridization
band for Du4 and Mu40 [if the low-M, faint bands pre-
sent in the last fractions are neglected for the reasons
given in (iii) above]. Ph1C showed three proviral copies
(neglecting again a faint band present in the last two
fractions) with a size that might correspond to the com-
plete provirus. DNA of Mul6 cells shows a smear in
fraction 4 (and, to a lesser extent, in fraction 3) and two
bands in fractions 6-7. This smear can be explained
(Prunell et al,, 1977) by the random degradation of the
provirus-carrying fragment, which has a very high molec-
ular size (> 23 kb) relative to-that of the host DNA prepa-
ration. The alternative explanation, namely the presence
of integrated proviruses having different integration sites
which belong to a polyclonal population, is most unlikely
in view of the presence of the smear only in a narrow
compositional range of the host genome. Cp9 and Cpl0
showed three and two integrated sequences, respectively.

(b) Localization of HTLV-I sequences in the host-cell
genome and proviral transcription

HTLV-I sequences are distributed in a 39-54% GC
range of the host-cell genome (see Fig. 5). This means
that no HTLV-I sequences are found in the GC-poor
40% of the human genome (<39% GC), all integrated
sequences being present in the 60% GC-rich part of the
genome. Although the three proviruses of the cell clone
PhiC are present in the lowest GC fraction (fraction 1),
the spill-over hybridization in fractions 2 and 3 suggests
that the proviruses are close to the upper extreme of GC
content within this fraction. The lack of hybridization
signals in fraction 8 (see Figs. 1 and 4) indicates that
HTLV-I does not integrate in either ribosomal or satellite
DNA. A first conclusion is, therefore, that 40% of the
human genome, the GC-poorest part of it (as well as
satellite and ribosomal DNAs), never host HTLV-I
sequences in the cells investigated.

At this point, questions should be asked about the dis-
tribution of proviral sequences in the human genome and
about the possible correlations between the host genome
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Fig. 3. Localization of HTLV-I proviral copies in DNA fractions from cell lines MT-2, C8166, Ph1C and Mu 16. Total DNA (8 pg) and equal
amounts (3 pg) of DNA from each fraction were digested with EcoRlI, electrophoresed on 0.8% agarose gels and hybridized under stringent conditions
(see Rynditch et al., 1991) with the insert of plasmid pMT-2, which contains a complete HTLV-I provirus with a single LTR (Clarke et al,, 1983).
Loads of DNA fraction were, therefore, not proportional to their relative amounts in human DNA, but were larger for almost all fractions. As a
consequence, hybridization signals were generally enriched relative to signals from unfractionated DNA. This enrichment was particulary strong for
the last fractions. As it can be judged from the data of Fig. 2, while signal enrichment was practically absent for the most abundant pellets, corresponding
to 50% of DNA (3 pg/8 pug/0.5=0.75), it reached high levels for the last fractions, corresponding to less than 5% of DNA (at least 3 pg/8 pg/0.05=
7.5). Estimates of total signal enrichment for individual fractions should, however, not simply be calculated from Figs. 1 and 2, but should also take
into account the relative intensity of the bands. If this is done, signal enrichment can reach a 50-fold level (relative to ‘normal’ bands) for the faint
bands located in the last fractions. In fact, enrichment for those fractions is even higher, up to 100-200-fold, because they are largely made up of
satellite and ribosomal DNA (see Fig. 1) which do not host HTLV-I sequences (see section b). Needless to say, the faint bands under consideration
here are not those corresponding to the tails of distribution of ‘normal’ bands, but bands corresponding to independent integrates.

regions in which integration was found and the transcrip-
tion of HTLV-I sequences. While some transformed cell
lines and T-cell clones investigated contain proviral se-
quences integrated in both high- and low-GC regions
(both of these regions being in the GC-rich 60% of the
genome), several of them contain integrated HTLV-I se-
quences in only one of the two regions, and they may be
useful starting points for answering this question.

The transcriptionally active HTLV-I sequences of
C10/MJ and C91/PL (Aldovini et al,, 1986; Markham
et al, 1983) were only found to be integrated in high
(>44%) GC-rich regions. It should be noted that the
hybridization bands present in the abundant pellet (frac-
tion 1) representing about 50% of C91/PL DNA are the

result of a contamination with high-GC fractions during
preparative gradient fractionation, as demonstrated by
the identity of the bands in this fraction with those cen-
tered in fraction 6, as well as by the presence (data not
shown) of a GC-rich component (approx. 47.2% GC) in
the pellet fraction that has a modal buoyant density cor-
responding to 37.9% GC (this contamination may occur
because the tip of the needle used to collect the fractions
from the centrifuge tube is positioned just above the pellet
and traces of the last GC-richest fractions may be left
behind).

On the other hand, the transcriptionally inactive
HTLV-I sequences in Ph1C, Du43 and Mu40 (J.H.R,,
P.H.,, D.AH. and AM.L.L,, data not shown) were only
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Fig. 4. Scheme of the localization of HTLV-I proviral sequences in the compositional fractions and total DNA from the genome of human cell lines
(a) and cell clones (b) as obtained after centrifugation in a preparative Cs,SO,/BAMD density gradient. In each pattern, the first line presents the
fraction number, the second line the %GC. Relative intensities of hybridization bands are indicated by lines of three different thicknesses; smears are
indicated by unevenly shaded boxes. ND, buoyant density not determined.

found in the low (<42%) GC regions. (The faint bands
in the high-GC region of Ph1C and Mu40 are neglected
because they correspond to extremely small populations
and have, in addition, a low M,). These results indicate
that, in these clear-cut cases, integrations in high (>44%)
and low (<42%) GC regions correspond to transcrip-
tional activity and inactivity, respectively.

The compositional border between these regions is
likely to be around 43% GC, as suggested by the fact
that the 42-44% host genome regions with GC levels of
42-44% contain integrates which are (Du4) or are not

(Cp9, Cpl0) transcribed. Indeed, the transcribed se-
quences of Du4 (Wucherpfennig et al., 1992) appear to
derive from the fragments centered in fractions 3 and 4
and corresponding to a GC value slightly below 43%.
The broad distribution from fraction 1 to fraction 5 might
be due to compositional heterogeneity in the host
chromosomal region of integration (a possibility already
mentioned in section a). An alternative, more likely, ex-
planation is that the signal found in fraction 1 is just due
to a contamination of the pellet (representing 40% of
DNA), as in the case of C91/PL. In the case of Cp9, the
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Fig. 5. The distribution of proviral sequences in the genome of the
human cell lines investigated (upper frame) is compared with the compo-
sitional distribution (CsCl profile, solid line) of human DNA and with
the concentration profile (-O-) of human coding sequences (bottom
frame from Bernardi, 1993; the final drop, broken line, in gene concen-
tration is due to the presence of ribosomal genes in the GC-richest part
of the human genome). The centers of distribution of proviral sequences
in the fractions are shown by points put at different levels on the ordi-
nate axis to reflect band sizes. These were assessed by taking into ac-
count the hybridization intensities of bands corresponding to same-size
fragments. Open circles in the top part correspond to faint bands. The
two vertical broken lines indicate the GC range of the host genome in
which both transcribed and non-transcribed sequences were found.
Only non-transcribed sequences were found below that range, only
transcribed sequences above.

two integrated sequences were found in fractions centered
at 42-43% and at 43.8% GC, respectively. In Cpl0, in-
tegration occurred in genomic compartments of about
43.5% GC. (In both cases the faint bands of fraction 7
are neglected).
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The remaining four cell lines exhibit HTLV-I sequences
that are present both in low (<42%) and high (>44%)
GC regions of the host genome. The Hut-102 line shows
three proviral sequences in the high-GC region; a fourth
one, corresponding to a low-M, band (4.8 kb), is present
as a faint band in low-GC fragments. There is no evidence
for Hut-102 transcripts originating from this sequence.

In the case of C8166, in which only tax and part of
rex regulatory genes are expressed (Lee et al., 1984; Bhat
et al,, 1993), three out of four proviral sequences are again
in the high-GC region; the fourth low-M, one is located
in fractions 3 and 4. Transcription of this fourth integrate
was not reported, whereas the transcription of two
different defective proviruses in addition to the transcript
from full-size provirus was shown (Bhat et al., 1993).

For MT-2, where eight proviral copies were detected
(seven of them being defective; Kobayashi et al., 1984),
only two are in the low-GC compartment. Northern blot-
ting experiments show that three viral mRNA are tran-
scribed from the complete and defective proviruses.
However, again we do not know (Kobayashi et al., 1984)
whether the low-M, integrates present in low-GC com-
partments (one of which corresponds to a faint band) are
transcribed.

The clone Mul6 contains at least one transcriptionally
active provirus and shows integrates both in the high-GC
fractions and in fraction 4. No information is available
as to which of these proviruses is transcribed.

The results just presented indicate that non-transcribed
HTLV-I sequences are integrated in human genome re-
gions below 42% GC, whereas transcribed sequences are
integrated in regions above 44% GC. In the 42-44% GC
range both transcribed and non-transcribed sequences
were found. These results suggest that in those cases in
which integration takes place in both GC-poor and
GC-rich regions, the proviruses contained in the former
regions are transcriptionally inactive and those contained
in the latter are active. While a firm conclusion on this
point can only come from the identification of the proviral
sequences which are transcribed, an analysis of the relevant
HTLV-I transcription data (on Hut-102, C8166, MT2 and
Mul6) is compatible with this suggestion. This viewpoint
is in agreement with the finding that the transcribed se-
quences of GC-rich proviruses BLV and RSV are localized
in the GC-richest compartments of mammalian genomes
(Kettmann et al.,, 1979; 1980; Rynditch et al., 1991).

(c) Localization of transcribed and non-transcribed
HTLYV-I sequences and gene distribution in the human
genome

If the localization of non-transcribed and transcribed
HTLV-I sequences in the human genome is compared
with the distribution of human genes (Mouchiroud et al.,
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1991; Bernardi, 1993; S.Z. and G.B., data not shown), it
appears that the location of transcriptionally inactive and
active proviral sequences corresponds to the isochores
having a low and constant gene concentration and to
those exhibiting a higher gene concentration, respectively.
In fact, gene concentration increases in parallel with GC
content to reach, in the GC-richest isochores, a level that
is over 20-times higher than the low, constant level pre-
sent in GC-poor isochores (Bernardi, 1993; S.Z. and G.B,,
data not shown). The latter isochores are also charac-
terized by very high transcription and recombination
activity (see INTRODUCTION) and by a very high Alu se-
quence concentration (Soriano et al., 1983; Zerial et al.,
1986b). Interestingly, the majority of HTLV-I sequences
integrated in GC-rich isochores (above the 44% GC
level) are, in fact, located in regions above 47% GC.
These correspond to the GC-richest 14% of the genome,
which in turn make up T-bands of human chromosomes
(Saccone et al., 1992; 1993).

(d) Conclusions

The present results are of interest in several respects:

(1) They show that only the GC-richer 60% of the
host-cell genomes harbor integrated HTLV-I sequences.
This may mean either that HTLV-I sequences cannot be
integrated in GC-poor sequences, or that, if integrated,
they are highly unstable and are readily excised. The first
alternative appears to be favored by the recombination-
proneness and by the richness in Alu sequences of
GC-rich isochores, Alu sequences possibly facilitating
integration events.

(2) Transcriptionally active HTLV-I sequences appear
to be located in the GC-richer regions of the host genome,
whereas inactive HTLV-I sequences appear to be present
in GC-poorer regions (it should be stressed again that
both these GC-poor and GC-rich regions are in the
GC-richer part of the human genome which makes up
60% of it). These results indicate, in fact, that HTLV-I
transcriptionally active sequences are located in those
regions of the host genome which are characterized by a
high gene concentration, a high transcriptional and re-
combinational activity, an open chromatin structure with
a larger spacing of nucleosomes, by the absence of histone
H1, and the acetylation of histones H3 and H4 (Tazi and
Bird, 1991; Aissani and Bernardi, 1991). Cytogenetically,
these regions correspond to the GC-rich isochores pre-
sent in R'’-bands (namely, the R-bands that are not
T-bands) and to the very GC-rich isochores forming
T-bands (Saccone et al., 1992; 1993).

(3) The GC level of the HTLV-I provirus itself, 53.9%,
is higher than that of the isochores (44-53%) in which
integration takes place. This situation is similar to that
found for GC-rich genes, whose coding sequences are

“higher in GC than the flanking sequences and is in con-

trast with the uniformity of GC levels of GC-poor genes
and their surrounding sequences (Aissani et al., 1991).

Lastly, these results are in full agreement with results
obtained on the different viral host-cell systems pre-
viously studied (see Rynditch et al., 1991, for a discussion
on this point). They go much further, however, for several
reasons. The first one is that a much larger number of
integrates were investigated compared to previous
studies, justifying a generalization of the results. The
second reason is that integration was investigated in host
cells whose genome is compositionally more hetero-
geneous (Bernardi, 1989; 1993) than those of the rodents
investigated in the case of MMTYV and RSV. The third
and major reason is that retroviral integration could be
interpreted in the context of a detailed knowledge on the
distribution of coding sequences of the host genome, i.c.,
the human genome.
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