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We devised an indicator gene for retrotransposition, n1sLacZRT, which contains the Escherichia coli lacZ gene

fused to a nuclear location signal (nlsLacZ), engineered in such a way that the gene is expressed only if the
structure in which it has been inserted transposes itself through an RNA intermediate. A cloned murine leukemia
retrovirus with an ecotropic host range (Moloney murine leukemia virus), rendered defective by a large deletion
encompassing the three viral gag, pol, and env open reading frames, was marked with this indicator gene and
introduced by transfection into heterologous feline cells. No P-galactosidase activity could be detected among the
clonal cell population, unless the defective provirus was complemented in trans by the gag-pol gene products.
Under these conditions, cell variants which disclosed an easily detectable nuclear blue coloration upon in situ
5-bromo-4-chloro-3-indolyl-4-D-galactopyranoside staining were observed. Fluorescence-activated cell sorting of
the 13-galactosidase-positive cells, followed by Southern blot analysis, demonstrated an unambiguous correlation
between nlsLacZRT activation and retrotransposition of the marked provirus. Transposition occurs at a high
frequency (up to 10-4 events per cell per generation), which is dependent on the level of expression of the gag-pol
gene and is concomitant with the release of noninfectious retroviruslike particles which are the hallmarks, but not
the intermediates, of the intracellular transposition process.

It is well documented that in mice many neoplasms
originate from mutagenic insertions of mobile genetic ele-
ments in critical loci that control the proliferation state of the
cell. Insertion may result either from intracellular transposi-
tion of endogenous retrotransposons (reviewed in references
6, 11, 15) or from infection of the cells by horizontally
transmitted retroviruses (reviewed in references 24, 29).
There is, possibly, no fundamental difference between these
two classes of mobile genetic elements, which share large
structural homologies and are both associated with produc-
tion of virus (or viruslike) particles: for retrotransposons
such as Saccharomyces cerevisiae Tyl (reviewed in refer-
ence 3), Drosophila copia (reviewed in reference 7), or
mouse IAP (reviewed in reference 16), these are strictly
intracellular, whereas infectious viral particles are exported
out of the cell and can be horizontally transmitted. Further-
more, it has been recently shown that a Moloney murine
leukemia retrovirus (MoMLV) rendered defective for pro-
duction of infectious viral particles by deletion of its enve-
lope gene-and whose structure thus resembles that of
classical retrotransposons-is also capable of intracellular
transposition in murine or human cells (13, 28).
To detect and analyze these potentially mutagenic pro-

cesses in a quantitative manner, we had previously developed
an indicator gene for retrotransposition (13) which contains
the neomycin (neo) selectable gene, which encodes resistance
to G418 in mammalian cells. This gene is engineered in such
a way that it can be expressed only if the mobile element in
which it has been inserted transposes itself through an RNA
intermediate, i.e., retrotransposes. Although this indicator
gene has proven to be very effective in detecting retrotrans-
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position events in cells in culture (even when the frequency
was as low as 10- event per cell per generation) and to select
those cells in which the events had occurred (12, 13), it might
not be adapted to future in vivo studies that should be
performed in transgenic mice; indeed, the presence of an
activated neo gene cannot be easily detected unless the
tissues are first established in culture, which should be
extremely tedious and often not even possible.
We have therefore devised another indicator gene, whose

rationale is close to that of the previously reported neoRT
gene (13), but which makes use of the Escherichia coli
,-galactosidase (lacZ) gene fused to the nuclear location
signal of the simian virus 40 large T antigen as a reporter
(nlsLacZ; 4, 14). The nlsLacZ gene is particularly adapted to
refined in situ analysis, since its activity, targeted to the
nuclear membrane, can be unambiguously evidenced by
cytochemical staining at the individual-cell level. Accord-
ingly, here we describe and characterize an nlsLacZ-based
indicator gene, nlsLacZRT, that we introduced into a cloned
murine leukemia retrovirus with an ecotropic host range
(MoMLV) rendered defective by deletion of the three ca-
nonical retroviral gag, pol, and env open reading frames
(ORFs). After transfection into heterologous feline cells, no
P-galactosidase expression was detected unless the gag and
pol gene products, which are necessary for transposition of
the provirus (28), were provided in trans. Under these
conditions, ,B-galactosidase expression was easily detected
either after 5-bromo-4-chloro-3-indolyl-p-D-galactopyrano-
side (X-Gal) staining or after loading with a noncytotoxic,
fluorescent P-D-galactosidase substrate, namely, fluoresce-
in-p-D-galactopyranoside (FDG; 23), which allowed isola-
tion of viable marked cells by fluorescence-activated cell
sorting (FACS). In the latter case, FACS sorting of the
,-gal+ cells, followed by Southern blot analysis, unambig-
uously demonstrated that 3-galactosidase expression is ac-
tually linked to retrotransposition of the marked provirus.
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FIG. 1. Structure and retrotransposition of the marked nlsLacZRT provirus. (A) Structure of the marked provirus and rationale of the test.
The indicator gene is represented by open boxes, with an arrow indicating the orientation of each genetic element. Abbreviations: tk,
promoter of the herpes simplex virus thymidine kinase gene; nlsLacZ, ORF of the lacZ gene with the nuclear location signal (nls) from simian
virus 40 large T; SD and SA, splice donor and acceptor sites, respectively, from MoMLV; pA, polyadenylation sequence from the herpes
simplex virus thymidine kinase gene. The marked defective provirus was derived from a cloned MoMLV provirus (top line; pMov3 [10]) upon
deletion from XhoI (1560) to ClaI (7674). The numbers refer to distances from the RNA cap site. The terminal LTRs and the AUG codon of
the remaining part of the gag ORF, with the inactivating frameshift (indicated as 1 , an 8-bp SacII linker at position 623 [initially constructed
by S. Goff]), are indicated. The provirus for gag-pol gene transcomplementation was derived from the cloned MoMLV upon env gene deletion
from BamHI (6537) to ClaI (7674). The steps for generation of an active nlsLacZ gene by retrotransposition of the transfected marked provirus
are indicated schematically, along with the splicing of the proviral RNA intermediate and the resulting removal of the inactivating pA
sequence in the transposed copy. Restriction sites for Sacl and the lengths of the corresponding fragments in both the initial and transposed
proviruses are indicated. (B to D) Southern blot characterization of the retrotransposition of the nlsLacZRT marked provirus. Genomic DNAs
of the transcomplemented A-2 clone (lane A-2), three different FDG+ cell populations sorted by FACS (lanes pl, p2, and p3), and clones
derived by ultimate dilution from pl (lanes cl to c4) were restricted with either Sacl (B and C) or BamHI (D) and hybridized with 32P-labelled
nlsLacZ (B and D) or tk gene (C) fragments. The bar above the env segment of the top line indicates the probe used to detect gag-pol
transcripts in Fig. 4.

Transposition of the marked provirus occurred at a fre-
quency at least 100 times higher than previously reported
(13, 28) and was concomitant with release by the cells of
noninfectious retroviral particles, whose number can be as
large as those encountered in productive infections by
wild-type MoMLV. These extracellular particles are the
hallmarks, but not the intermediates, of the intracellular
retrotransposition process.

MATERIALS AND METHODS

DNA constructions. All plasmids were constructed by
standard cloning procedures; numbers refer to distances
from the viral MoMLV cap site.

(i) Construction of the defective nlsLacZRT marked provi-
rus. The defective nlsLacZRT marked provirus plasmid (Fig.
1A) was derived from the previously described MoMLV
neoRT provirus (13), which was first recloned into the
MoMLVneo plasmid (25) by homologous substitution of the

proviral domains (after enzyme restriction at unique sites in
the long terminal repeats (LTRs) (12a). A frameshift at the
beginning of the gag ORF (an 8-bp SacI linker at position 623
[initially constructed by S. Goffi) was introduced by a
three-fragment ligation, including two fragments derived
from the modified MoMLVneoRT plasmid described above,
namely an XhoI (unique site in the provirus at position
1560)-ClaI (unique site in the pBR322 sequence) fragment
and a ClaI (unique site in the pBR322 sequence)-XbaI
(position -151 in the 5' LTR) fragment and an XbaI (position
-151 in the 5' LTR)-XhoI (unique site in the provirus at
position 1560) fragment (from plasmid pA5, a gift from J.
Murphy) homologous to that described above but containing
the indicated frameshift in the gag gene, thus yielding
MoMLVneoRT_1. For reduction of the splice donor-contain-
ing fragment of the indicator gene, it was excised as a 260-bp
MboI (161)-MboI (420) fragment from the previously de-
scribed neoR gene (13) and subcloned twice in pSP64
(Promega), first at the unique BamHI site in the polylinker,
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and then as a SacI Kienow-treated SalI fragment (both
restriction sites in the polylinker) inserted in the pSP64
vector opened by BamHI-Klenow treatment and Sail. The
splice donor-containing sequence was then excised as a
SalI-BamHI fragment, and a second proviral intermediate,
MoMLVneoRT-2, was constructed upon three-fragment liga-
tion with a ClaI (unique site; see above)-SalI (position 3705
in the provirus) fragment and a BamHI (at the junction
between pA and D in the indicator gene)-ClaI (same as
above) fragment, both from MoMLVneoRT_1. The nlsLacZ
gene was excised from pGEMnlsLacZ (4) as a BamHI-
Klenow-treated SalI fragment and inserted into MoMLVneoRT
-2 restricted by XhoI-Klenow treatment and SalI, thus yielding
the final construct in Fig. 1.

(ii) Construction of the plasmid for gag-pol transcomple-
mentation. The plasmid for gag-pol transcomplementation
was derived from a subcloned pMov3 provirus (described in
reference 13), in which the pBR322 ClaI site had been
removed, after complete ClaI and partial BamHI digestions,
which resulted in deletion of the envelope gene from posi-
tions 6535 to 7674.

Cell and nucleic acid analysis. G355-5 feline cells (a gift of
J. F. Nicolas) were grown in Dulbecco's modified Eagle's
medium supplemented with 5% fetal calf serum (GIBCO) at
37°C in 5% CO2. Transfections of G355-5 cells were achieved
by the calcium phosphate method. Cells cotransfected with
pSV2gpt (20), pBSpac (5), or pSVtkneo,B (22) were selected
in the presence of mycophenolic acid (25 ,ug/ml) plus xan-
thine (250 ,ug/ml), puromycin (2 ,ug/ml), and G418 (700
,ug/ml), respectively. Cellular RNA and DNA extractions
and Northern and Southern blot analyses were performed as
described in reference 12. When indicated, the autoradio-
grams were scanned with a Chromoscan densitometer.
X-Gal staining, FDG loading, and FACS. X-Gal staining

was performed as described in reference 26. The reaction
was allowed to proceed at 42°C for 7 h; cells with blue
nuclear coloration were scored by microscopic examination.
The protocol for FDG loading was similar to that described
in reference 23, except for the two following modifications,
made to reduce the high background level of endogenous
lysosomal ,B-D-galactosidase activity in the G355.5 cells. (i)
Cells were incubated for 5 min in 2% dimethyl sulfoxide at
37°C before FDG loading, and (ii) 2 min after FDG loading,
enzymatic conversion of FDG to fluorescein was stopped
upon addition of a competitive inhibitor, phenylethylthioga-
lactoside, at a final concentration of 1 mM. Cells were sorted
with a FACS 440 (Becton Dickinson) or an EPICS (Coulter)
cell sorter; they were immediately plated in 24-well culture
plates (5 x 103 to 104 FDG+ cells), maintained for 15 h in
RPMI 1640 medium with 10% fetal calf serum-10 mM
HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid; pH 7.3)-10 ,ug of gentamicin per ml; and then expanded
in normal growth medium.

Infectivity test and RTase assay. Supernatants were har-
vested from cell cultures close to confluency (5 x 106 to 107
cells in 10-cm-diameter culture dishes with 10 ml of growth
medium), filtered through 0.22-,um-pore-size filters, and im-
mediately tested or stored at -70°C until use. To search for
infectious extracellular intermediates, 10 ml of supernatant
(plus, when mentioned, Polybrene at a final concentration of
5 ,ug/ml) was left in contact with feline G355-5 test cells (5 x
105 cells plated in a 10-cm-diameter culture dish on the day
before) for 24 h; cells were maintained in culture for another
day in fresh medium and then fixed and stained by the X-Gal
procedure. Reverse transcriptase (RTase) activity was de-
termined from 10 1.l of supernatant in a standard assay

mixture as described in reference 8 (except for the Mn2+
concentration [0.6 mM instead of 0.2 mM]). [3H]TTP incor-
poration was measured after trichloroacetic acid precipita-
tion of the DNA products on glass fiber filters (GF/C;
Whatman) and was linear over at least a 60-min period.
RTase activity was derived from the slope of the line.

RESULTS

Construction of cell lines containing an nlsLacZRT marked
provirus. nlsLacZRT was derived from the previously de-
scribed neoRT indicator gene (13) by replacing the neo coding
sequence by that of the nlsLacZ gene (4) and by further
reducing the length of the fragment containing the splice
donor of the indicator gene (see Materials and Methods).
This structure was inserted into a cloned murine leukemia
retrovirus with an ecotropic host range (MoMLV) that was
rendered defective by deleting 6.1 kb of the internal se-
quence encompassing the three canonical gag, pol, and env
viral ORFs and by introducing a frameshift 3' to the initiation
codon of the remaining gag fragment (Fig. 1A). This marked
proviral structure, despite the size of the nlsLacZRT indica-
tor gene (4.5 kb), should still generate a genomic RNA
whose length (6.7 kb) and structure (it still contains the
cis-required extended T sequence [1, 2]) are compatible with
encapsidation into a core particle.

This marked defective provirus was introduced into
G355-5 feline cells by cotransfection with pSV2gpt (20), and
mycophenolic acid-resistant clones were selected. Feline
cells were chosen because (i) the probability that an infec-
tious retrovirus would be produced by homologous recom-
bination or by complementation with endogenous retrovi-
ruses is lower in heterologous cells than in murine cells and
(ii) MoMLV provirus expression in this cell line is nearly as
efficient as in murine NIH 3T3 cells (data not shown). Two
clones (A and B) were isolated that contained one full-length
copy of the transfected proviral structure and unaltered
nlsLacZRT structures, as evidenced by Southern blot analy-
sis (see below). X-Gal staining of more than 107 cells from
each clone failed to reveal any P-gal+ cells (Fig. 2A), which
proves that the transfected nlsLacZRT gene does not spon-
taneously confer the ,B-gal+ phenotype, as expected.

Transcomplementation with the gag-pol gene generates
,8-gal+ cells. The fact that A and B cells do not spontane-
ously segregate P-gal+ cell variants is consistent with our
preliminary observations that MoMLV's gag-pol gene prod-
ucts are required for intracellular retrotransposition of the
marked provirus (28). A plasmid containing the MoMLV
gag-pol gene under the genuine LTR-contained promoter
and polyadenylation signal was therefore introduced by
cotransfection with either pBSpac (5) or pSVtkneop (22),
which confer resistance to puromycin and G418, respec-
tively. Several clones were derived from clone A (seven
G418' and eight Purr clones), which were tested for segre-
gation of P-gal+ variants. X-Gal staining about 1.5 months
after transfection (-45 cell generations) disclosed 3-gal+ cell
variants for three G418r and seven Purr clones (Fig. 2B
shows one of the transcomplemented clones), with an appar-
ent frequency ranging from 10-6 to more than 10-3 of the
cells (only one G418' clone against six Purr clones segregated
3-gal+ variants at a high frequency [>10-], possibly be-
cause of selection for higher levels of expression of the
transfected gag-pol gene by pBSpac and puromycin selec-
tion [see below]). Southern blot analysis of the genomic
DNA from all positive clones demonstrated stable integra-
tion of one to five copies of the transfected gag-pol gene
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FIG. 2. Evidence for j3-galactosidase-positive cell variants in gag-pol-transcomplemented clones and FACS. Inset, cytofluorometric
analysis of transcomplemented A-2 cells (lower part) and control A cells (upper part) after FDG loading as described in Materials and
Methods. The cell fractions marked with a bar were sorted and collected as populations (FDG+ cells), and in these experiments they represent
0.6% + 0.2% of the total number of A-2 cells counted (1 x 106 to 2 x 106 cells). (A to D) Histochemical X-Gal staining of control A cells (A),
A-2 cells (B), FDG+ cells sorted by FACS (pl; C), and a clone (ci; D) derived by limiting dilution from pl.

(data not shown). One of the transcomplemented clones
producing ,-gal+ variants at a high frequency (A-2) was
selected for further detailed studies.
To characterize the j-gal+ cells, they were sorted by

FACS (Fig. 2). The sorting procedure relies upon the use of
FDG, which is cleaved by p-galactosidase to yield fluores-
cein, which can be optically detected. As illustrated by the
FACS profile in Fig. 2 for the cells from the A-2 clone (inset,

bottom), two cell populations were distinguished: more than
99% of the cells segregated in a peak of low fluorescence
intensity, which further corresponds to the profile obtained
with the control cells without gag-pol transcomplementation
(clone A cells; Fig. 2, inset, top), and a small peak of higher
fluorescence intensity observed only with the transcomple-
mented clones, which represented 0.6% 0.2% of the cells
in the experiment shown in Fig. 2 (three independent cell
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sortings). These cells were collected as a mixed population
(FDG+ cells) from which subclones were also derived by
limiting dilution. X-Gal staining, as illustrated in Fig. 2C,
disclosed that actually more than 90% of the FDG+ cells
were X-Gal+, with a large fluctuation in staining intensity,
from nearly colorless to dark blue. This heterogeneity can-
not be attributed to clonal heterogeneity, since it was also
observed within subclones (Fig. 2D). The percentages of
3-gal+ cells as scored by FACS in three independent exper-
iments were close to the values obtained by X-Gal staining
(FACS, 0.6% +± 0.2%; X-Gal staining, 0.7% ± 0.1%).
Although they were less extensively studied, similar results
were obtained with clones A-3 and A-4.

P-Gal ceils contain retrotransposed copies of the marked
provirus. The DNA of the FDG+ cells sorted by FACS was
analyzed on Southern blots to determine whether the FDG+
phenotype is actually associated with retrotransposition of the
marked provirus. As schematized in Fig. 1, genomic DNA
restriction with Sacl should reveal two fragments for the
transfected copies upon hybridization with an nlsLacZ probe:
a 3.7-kb fragment and a 3.0-kb fragment, encompassing the
whole proviral structure; these were indeed observed (Fig. 1B,
lane A-2). Upon retrotransposition with precise splicing at the
donor and acceptor splice sites of the indicator, a new restric-
tion site for SacI should be generated at the splice junction, as
previously noted (13). In the transposed copy, the 3.7-kb
fragment should then be reduced to 2.2 kb, whereas the 3.0-kb
fragment remains unchanged. Indeed, as illustrated in Fig. 1,
Southern blot analysis of the FDG+ cell populations isolated by
cell sorting (lanes pl, p2, and p3) revealed the expected 2.2-kb
fragment upon hybridization with an nlsLacZ probe. Further-
more, densitometric analysis of the autoradiograms, taking the
intensity of the 3.7-kb fragment as unity, indicated that the
intensity of the newly generated 2.2-kb fragment was close to
unity (namely, 1.0 ± 0.15 for three independent experiments,
with a reference value of 1.1 ± 0.1 for clones cl to c3 below),
strongly suggesting that virtually all of the FDG+ cells sorted
by FACS acquired an additional copy in which the nlsLacZRT
intron was precisely removed by splicing (accordingly, the
relative intensity of the 3.0-kb fragment doubled, from 0.8 +
0.2 to 1.7 ± 0.2). As expected too, hybridization of the blot
with a tk probe (Fig. 1C) revealed the expected 900-bp SacI
fragment extending from the splice junction to the 3' LTR in a
retrotransposed copy.
These quantitative results were confirmed by Southern

blot analysis of subclones randomly derived from the FDG+
cell population by limiting dilution (lanes cl to c4). Restric-
tion of their genomic DNA by BamHI, whose restriction site
is unique in the transfected proviral copy and then directly
yields the proviral copy number, disclosed at least one
additional copy for all of the FDG+ clones tested, without
exception (Fig. 1D, lanes cl to c4), and even two for clone
c4. As expected, restriction of their DNA by SacI disclosed
a pattern identical to that of the original cell population in all
cases (but one [see below]) upon hybridization with either
the nlsLacZ (Fig. 1B) or the tk (Fig. 1C) probe. For one
clone (clone c3), the 900-bp tk fragment and the 2.2-kb
nlsLacZ fragment were actually observed, as expected for
precise splicing upon retrotransposition, but the other ex-
pected nlsLacZ-marked fragment had an unexpected size
(-5 kb instead of 3.0 kb), consistent with alteration of the
transposed copy in its 5' part. Similar results, i.e., splicing
out of the intronic domain of the indicator gene, were also
obtained with cell populations sorted by FACS from clones
A-3 and A-4 (data not shown).

Retrotransposition of the marked provirus can occur at a

growth for

7 days %

N1cells N2cells

I I
fraction of B-gal cells (F1) fraction of B-gal cells (F2)

= (F2- F1)xln2
In ( N2/ N1)

FIG. 3. Transposition frequency of the marked nlsLacZRT pro-
virus. The protocol used for accurate measurement of the frequency
of generation of X-Gal+ cell variants among transcomplemented
cells was a modification of the method of Newcombe (21); F1 and F2
and N1 and N2 are, respectively, the fractions of X-Gal+ cells and
the total numbers of cells at the beginning and end of the growth
period. Cells from cultures in the exponential growth phase were
plated in 10-cm-diameter dishes (N1 = 10'), grown for 7 days, and
then trypsinized, pooled, and counted (N2). F1 and F2 were mea-
sured upon X-Gal staining of a definite number of cells (5 x 103) in
24-well plates by counting the ,-gal+ cells under a microscope. The
frequency of spontaneously arising X-Gal+ cell variants (f [number
of events per cell per generation]) was calculated from the equation
shown, which was derived from equation 3 in reference 17.

high frequency. The absolute transposition frequency cannot
be simply equated with the instantaneous proportion of
P-gal+ cells in a clonal cell population; accordingly, the
frequency at which the marked provirus generates p-gal+
variants was precisely measured by a method derived from
that developed by Newcombe for procaryotes (21) and
whose rationale is to measure accurately the fractional
increase of 3-gal+ cells in a population as a function of time
(Fig. 3). The clonality of 3-gal+ variant-producing clone A-2
was ascertained by subcloning (clone A-2.1), and two inde-
pendent experiments (described in Fig. 3) allowed derivation
of the absolute frequency at which the clonal cell population
generates p-gal+ variants; it was 2.7 ± 0.9 x 10-4 event per
cell per generation. This value allows determination of the
absolute transposition frequency of the marked provirus,
taking into account that virtually all of the cells which scored
blue should have acquired a transposed copy, according to
the quantitative analysis described in the preceding section.
Transposition frequency should be dependent upon the
splicing efficiency of the intron in the indicator gene, since
retrotransposed copies in which the intronic domain has not
been eliminated should not yield the expected 3-gal+ phe-
notype. Actually, Northern (RNA) blot analysis of A-2 cell
RNA with an nlsLacZ probe (A cells gave a strictly identical
pattern [data not shown]) disclosed two major transcripts of
7.0 and 6.4 kb (Fig. 4, lane 3; other minor bands were
observed but not further characterized), which should cor-
respond to the unspliced and spliced transcripts of the
marked provirus, respectively, as intron removal is expected
to reduce the full-length transcript by 630 bp; in addition, the
spliced transcript should not be revealed with an intronic
probe (pA), as observed for the 6.4-kb band (Fig. 4, lane 4).
Densitometric analysis of the autoradiogram indicated that
intron splicing efficiency was close to 80% and should not
noticeably restrict the sensitivity of the indicator gene.
Accordingly, the value which can be derived for the absolute
transposition frequency of the marked provirus in clone A-2
is 3.3 x 10-4 per cell per generation and also per marked
provirus copy, as the Southern blot in Fig. 1D disclosed a
single integrated marked copy per cell in the initial A clone.

VOL. 66, 1992
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FIG. 4. Northern blot analysis of the proviral transcripts in
gag-pol-transcomplemented cells (clone A-2) and control cells
(clone A). Blots of poly(A)+ RNAs from A and A-2 cells were
hybridized with different 32P-labelled probes, i.e., the fragment
indicated by a bar in Fig. 1A for gag-pol transcripts, nlsLacZ, and
pA. The spliced (6.4-kb) and unspliced (7.0-kb) proviral transcripts
from the marked provirus and those from the transcomplementing
gag-pol-containing structure (full-length 7.7-kb and subgenomic
2.1-kb proviral transcripts) are indicated by arrows. Their sizes were
deduced from the relative positions of the murine 28S and 18S
rRNAs (r). The percentage of spliced viral transcript for the marked
provirus, as determined by scanning of the autoradiogram, was
close to 80% (two Northern blots were analyzed).

Other transcomplemented clones were similarly analyzed
(see the following sections and Fig. 5) and gave frequencies
ranging from 3 x 10-6 to 3 x 10-4.

Cell supernatants display RTase-containing particles but
cannot confer the B-gal' phenotype. Induction of transposition
of the marked provirus by the gag-pol gene is concomitant
with the release of large amounts of RTase activity in the
supernatant of the transcomplemented cells. RTase activity in
the supernatant of clone A-2 (or of the A-2.1 subclone) was
detected at a level roughly similar to that of a T2 producer cell
line (E40oVB [25], which contains an MoMLV recombinant
provirus), whose titer was close to 106 CFU/ml. The values
obtained for three kinetic experiments, under conditions in
which the counts per minute incorporated were linear with
time, were 2,970 ± 350 and 1,085 ± 90 cpm/min for A-2 and
E40TB, respectively; no RTase activity (<10 cpm/min, i.e.,
the background level of the assay) was found in the superna-
tant of G355-5 cells containing the marked defective provirus
alone (clone A). RTase activity is associated with viruslike
particles, which were pelleted from A-2 cell culture supema-
tants and observed by electron microscopy (data not shown);
these particles were approximately 0.1 ,um in diameter with a
heavily labeled internal core, as observed for type C particles
and as previously characterized (28).

Despite the large number of retroviruslike particles re-
leased by A-2 or A-2.1 cells (see also the next section and
Fig. 5 for other gag-pol-transcomplemented clones), the
particle-containing supernatant, as expected, could not con-
fer the ,3-gal+ phenotype on feline G355.5 test cells (as
evidenced by X-Gal staining) under conditions commonly
used to test infectivity: large volumes of supernatant col-
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FIG. 5. Correlation between transposition frequency, RTase ac-
tivity released in the supernatant, and levels of gag-pol transcripts
for six transcomplemented clones. The solid line has a slope of
unity; clone A-2 is included and corresponds to that with the highest
transposition frequency; for three clones, only the upper limits for
levels of gag-pol transcripts could be derived (horizontal bars).

lected from A-2 cells (or from subclone A-2.1 cells) close to
confluency were repeatedly tested (50 to 100 ml for cells
maintained in culture for up to 6 months), and negative
results were also obtained when similar volumes of super-
natant were tested in the presence of Polybrene, which
increases the titer of many infectious retroviruses at least
20-fold (26, 30). Accordingly, the viral titer of the superna-
tant, if any, should be less than 0.01 U/ml, a value at least
5,000-fold lower than the minimal value which would be
required to account for the high-frequency generation of
6-gal+ variants by infectious particles (see the calculation in
the Appendix; also see the Discussion).

Retrotransposition frequency of the marked provirus de-
pends on the level of expression of the transfected gag-pol gene.
A quantitative analysis of the transposition frequency, the
level of RTase activity released in the supernatants, and the
level of gag-pol gene expression was performed for six
transcomplemented clones derived from clone A (including
clone A-2 described above). As illustrated in Fig. 5, there was
a linear relationship, over a range of 3 orders of magnitude,
between the transposition frequency and the level of gag-pol
gene expression measured as the amount of RTase activity
released in the cell supernatant. Furthermore, the gag-pol
gene transcripts in the transcomplemented clones were de-
tected upon Northern blot analysis (Fig. 4, lane 2, shows
clone A-2, and lane 1 shows clone A [control]), and their
abundance was quantitated by densitometric scanning of the
autoradiogram. As illustrated in Fig. 5, there was a positive
correlation between the level of gag-pol gene transcripts,
RTase activity, and the transposition frequency. We verified
that the levels of marked-provirus transcripts (analyzed by
Northern blot) were identical for all of the clones (data not
shown) and thus were not responsible for the large variations
in transposition frequency among the clones.

DISCUSSION

Indicator for in situ detection of retrotransposition. We
constructed and characterized a novel indicator gene of
retrotransposition, nlsLacZRT, which is adapted to in vivo
studies. Its expression is triggered upon retrotransposition of
the marked mobile element in which it is inserted and thus
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confers a I-gal+ phenotype on cells which can be unambig-
uously identified upon X-Gal or FDG staining. Actually, the
nlsLacZRT gene inserted into an MoMLV provirus deleted
for the three viral gag, pol, and env ORFs, when transfected
into feline cells, does not spontaneously confer the 4-gal+
phenotype: upon X-Gal staining of more than 10 cells
containing the defective marked retrotransposon, no P-gal+
cells were detected. On the other hand, induction of trans-
position of the marked provirus upon transcomplementation
with the MoMLV gag-pol gene results in generation of
,-gal+ cell variants at high frequency. Southern blot analysis
of the genomic DNA of P-gal+ cell populations sorted by
FACS and of derived subclones demonstrated that the
switch to the P-gal+ phenotype was, in all cases, quantita-
tively correlated with the acquisition of at least one addi-
tional retrotransposed copy of the marked provirus in which
the intron of the indicator gene had been precisely removed.

High-frequency transposition of defective retroviruses. An
interesting outcome of this work was the spontaneous rate of
intracellular transposition of the marked provirus which, upon
transcomplementation with the gag-pol gene, can occur at a
frequency as high as (3 ± 1) x 10' event per cell per
generation per marked provirus copy. Moreover, this value
might still underestimate the actual retrotransposition fre-
quency of the defective marked provirus, as transpositions into
"silenced" regions of the genome might not be detected by the
X-Gal staining assay (or the FDG staining assay, as their
efficiencies were found to be identical). The observation of a
cell clone (clone c4 in Fig. 1) containing two transposed copies
of the marked provirus (1 clone over 6 randomly selected
,-gal+ clones analyzed, whereas for independent events the
probability should be 1 clone per 100 to 1,000 P-gal+ clones)
suggests that intracellular retrotransposition might be a coop-
erative phenomenon and, as such, occur in bursts, as observed
for drosophila retrotransposons (9, 18; reviewed in reference
7). Transcriptionally active genome regions may actually be
preferred targets for retrotransposon integrations in the same
way as previously described for infectious retroviruses (19, 27),
resulting in "en cascade" transpositions and enhanced muta-
genesis. In any case, the high-frequency transposition reached
under these conditions and the experimental model that has
been developed (more than 5% of the cells should score blue
after a few months of culture) might be particularly adapted to
analysis of the effect of an insertional mutagen in cells in
culture and possibly also to the characterization of defined
genes by transposon tagging.

Role of the gag-pol gene products. Interestingly, we demon-
strated that over a 3-order-of-magnitude range there is a linear
relationship between the transposition frequency ofthe marked
nlsLacZRT provirus and the level of gag-pol gene expression
measured by either Northern blot analysis of the gag-pol
transcripts or the amount of RTase activity released in the cell
supernatant. This correlation is further supported by our pre-
vious observations with other cell types, such as murine 3T3
and human HeLa cells (13, 28; unpublished data [see below]),
in which transposition and RTase activity could be detected
both at levels, respectively, about 100 times lower than (13, 28)
or identical to (unpublished data) that reported for clone A-2.
RTase activity released by gag-pol-complemented cells, in

amounts which may be as large as those encountered in the
supernatant of a T2 or wild-type MoMLV producer cell line,
is associated with retroviruslike particles. This observation
is in agreement with previous reports indicating that the viral
gag-pol gene, and in several instances the Gag polyprotein
alone, is sufficient for production of retroviruslike particles
for murine type C retroviruses and human immunodeficiency

virus (28 and references therein). These viruslike particles
cannot confer the ,B-gal+ phenotype on feline cells under
conditions classically used to test for infectivity (more than
100 ml of supernatant tested, either in the absence or in the
presence of Polybrene), and a simple calculation, detailed in
the Appendix, indicates that if they were responsible for the
high-frequency generation of ,B-gal+ cells, their titer should
be at least 5,000 times higher than the maximal overestimate
of 0.01 U/ml from the assay described above. Similar parti-
cles were observed in previous experiments with closely
related proviral structures in murine and human cells, at a
much lower level in reference 28, and at a similar level in an
unpublished analysis in murine 3T3 cells segregating variants
carrying a retrotransposed copy of a neoRT-marked provirus
at a high frequency upon complementation by the gag-poc
gene (10'- event per cell and generation, correlated with the
release in the supernatant of RTase activity at levels as high
as that observed with the A-2 feline cells); these particles
were also shown to be noninfectious, and in those cases
extensive coculture experiments with test cells (13, 28;
unpublished data) demonstrated (i) that they could not be the
intermediates of transposition, as described above, and
further (ii) that neither cryptic extracellular particles nor
direct cell-to-cell interactions could be involved in the
strictly intracellular transposition process.

Altogether, these data strongly suggest that the amount of
gag-pol gene products available within a cell should be the
critical factor controlling the transposition frequency. Char-
acterization of the corresponding intracellular structural in-
termediates involved in the retrotransposition process will
probably be a difficult task, since on the basis of the calcula-
tion in the Appendix, only one retrotransposition event takes
place when 105 particles are released in the supernatant.

Perspectives. The positive correlation between the intrac-
ellular retrotransposition phenomenon and the production
and release of defective retroviral particles strongly suggests
that intracellular retrotransposition is a general phenomenon
which also occurs in cells infected by replication-competent
retroviruses. Thus, infected cells could be submitted to
permanent mutagenesis, even if they are refractory to rein-
fection, and intracellular retrotransposition could be impli-
cated in the generation of neoplasms which appear after a
long latency period following acute retroviral infections.
Preliminary experiments (28a) indicate that the marked
defective provirus can also be complemented in trans for
intracellular transposition by endogenous cellular elements,
although at a much lower frequency, upon treatment of the
cells with carcinogens such as 5-azacytidine or tumor pro-
moters such as tetradecanoyl phorbol acetate. The nlsLac-
ZRT indicator gene may, therefore, be a powerful tool for
detection of such transposition events in situ, in particular in
transgenic mice, and for causally linking them with tumor
induction and/or progression.

APPENDIX

Calculation of the viral titer required to account for the generation
of "-gal+ variants among a clonal cell population producing extracel-
lular intermediates of retrotransposition conferring the X-Gal pheno-
type. Formally, the number, dm, of f-gal+ cells generated during an
interval of time, dt, by a clonal cell population in the exponential
growth phase, is given by the following equation: dm = f x N(t) x
dt, where N(t) is the number of cells in the culture and f is the
frequency of generation of 0-gal+ variants per cell per unit of time
(see equation 3 in reference 17, which applies independently of the
underlying mechanism responsible for generation of the variants).
Then, if at time to the supematant was removed from the cells and

tested for infectivity on G355.5 feline cells, the initial rate of gener-
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ation of ,-gal+ variants among the test cells should be simply equal to
(dmldt)to, if one assumes that the test cells and the producer cells
behave identically in response to infectious virus particles. Given a
half-life for the viral particles of t112, the measured titer, T, should be
given by the following equation:

T = 1/v f(dmldt)t0 x exp(-t1t112) x dt = (llv) x f
x N(to) x t1/2

where v is the volume of the culture medium covering the producer
cells.
The half-life, t112, of the particles in the supernatant (which share

closely related physical characteristics with type C retroviruses,
despite the lack of an envelope protein) was derived from the
half-life of their RTase-associated activity, measured as follows.
Dishes (10-cm diameter, in triplicate) were inoculated with 106 A-2
cells in 10 ml of growth medium, and 2 days later, i.e., under
steady-state conditions, the amount of RTase activity in the super-
natant, (RTase)eq, was measured; the dishes were then rinsed twice,
covered with 10 ml of fresh medium, and incubated for various
periods (up to 4 h) at 37°C; at various times (six measurements),
supernatant samples were removed and their RTase activities were
measured, thus yielding the initial rate of viral particle formation,
(dRTase/dt)to; t1/2 was then calculated as follows: t'1/2 = [ln2 x
(RTase)eq]/(dRTase/dt)to. A value of 8 t 1 h was obtained, which is
close to previous estimates of t1/2 for infectivity of type C retrovi-
ruses, and therefore a posteriori confirms the equation of the t1l2 for
RTase activity with that for functionality. Accordingly, a value of
approximately 50 X-Gal-conferring particles per ml can be derived
for T [N(to) = 7 x 106, V = 10 ml, t1/2 = 8 h,f = 1.0 x 10-5 events
per cell per hour (2.7 x 10-4 events per cell per generation)].
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