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Using an assay for retrotransposition detection (T. Heidmann, O. Heidmann, and J. F. Nicolas, Proc. Natl.
Acad. Sci. USA 85:2219-2223, 1988), we demonstrated that a defective retrovirus deleted for the gag, pol, and
env open reading frames can disperse in the genome of human HeLa cells by intracellular transposition, at a
frequency close to 107° events per cell per generation. Transposition requires cooperation in trans for the gag
and pol gene products and may be associated with the release of low amounts of noninfectious retroviruslike
particles which are the hallmarks but not the intermediates of this transposition process. Similar events could
account for the dispersion at high copy number of some of the human endogenous sequences related to
retroviruses and for the occurrence of noninfectious retroviruslike particles in human placenta and several
tumor cell lines (reviewed by E. Larsson, N. Kato, and M. Cohen, Curr. Top. Microbiol. Immunol.

148:115-132, 1989).

A defective provirus was constructed from a cloned mu-
rine leukemia retrovirus of ecotropic host range (Moloney
murine leukemia virus [Mo-MuLV]) by deleting 6 kb of
internal sequence encompassing the three gag, pol, and env
open reading frames and introducing a frameshift 3’ to the
initiation codon of the remaining gag fragment. This minimal
proviral structure was marked with the previously described
indicator gene for retrotransposition, neo(RT) (12), inserted
in place of the deletion and slightly modified as indicated in
Fig. 1. neo(RT) is engineered in such a way that in its initial
configuration the neomycin gene, which codes for resistance
to G418 in mammalian cells, is silent but should be activated
upon transposition of the provirus through an RNA interme-
diate, which removes upon splicing a polyadenylation se-
quence blocking neo expression (Fig. 1A). The cells in which
transposition has occurred should then be selected in G418
medium.

We introduced the marked defective provirus into human
HeLa cells by cotransfection with pSV2gpt (18). Three
HeLa clones were selected which contained at least one
full-length copy of the transfected provirus, as evidenced by
a complementation assay similar to that described in refer-
ence 12. In this assay, infection of the transfected HeLa cells
by an amphotropic MuLV resulted in the production of viral
particles conferring G418 resistance to test cells. These
clones were further expanded and submitted to G418 selec-
tion. No spontaneous retrotransposition of the marked pro-
virus could be detected (only one G418 variant was obtained
for more than 5 X 107 cells in selection, which did not
contain additional proviral copies but simply disclosed rear-
rangements in the indicator gene [data not shown]). We
therefore attempted to complement in trans the defective
structure for the gag and pol gene products. A plasmid
containing the Mo-MuLV gag and pol genes under the
genuine long terminal repeat (LTR)-contained promoter and
polyadenylation signal (Fig. 1A) was introduced into the
HeLa cell clones by cotransfection with a plasmid coding for
resistance to hygromycin (pHyg [24]). Twelve hygromycin-
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resistant clones were derived from one of the initial clones
(H4). After expansion and G418 selection, five of these
clones segregated G418" variants, at an average apparent
frequency of one cell per 10° cells. Southern blot analysis
with a neo probe (neo in Fig. 1B) after genomic DNA
restriction with an enzyme which cuts only once in the
neo(RT)-marked defective provirus in all cases revealed an
additional neo-containing proviral copy in the G418" clones
(Fig. 1C). To demonstrate retrotransposition, we took ad-
vantage of the generation of a restriction site for Sacl at the
splice junction if the intron of the indicator gene is correctly
spliced (12). Southern blot analysis of Sacl-restricted ge-
nomic DNA from G418" clones with a thymidine kinase gene
promoter probe (tk in Fig. 1B) revealed for all of them (15 of
15 G418" clones analyzed) the expected 900-bp band corre-
sponding to the splice-3’ LTR fragment (Fig. 1E). Hybrid-
ization with a neo probe also revealed the expected 2.7-kb
band corresponding to the 5' LTR-splice fragment in the
retrotransposed copy, but not in all cases (see, for instance,
clone B-2 in Fig. 1D). This suggests, as reported in Saccha-
romyces cerevisiae for the Tyl retrotransposon (3, 27) and
further supported in the present case by enzyme restriction
mapping (data not shown), that retrotransposition can be
mutagenic for the provirus itself.

A precise determination of the frequency of retrotranspo-
sition was performed for one of the transcomplemented
clones by fluctuation analysis, as described for prokaryotes
by Luria and Delbriick (17) and illustrated in Fig. 2. An
absolute frequency for the generation of G418" variants of
(1.5 = 0.4) x 107° events per cell per generation was
derived. Taking into account (i) that all G418" clones ana-
lyzed were associated with a retrotransposition event (see
above and legend to Fig. 2A) and (ii) that the splicing
efficiency of the engineered intron is close to 0.75 (see
Northern [RNA] blot analysis of the proviral transcripts in
Fig. 2B), the frequency of transposition of the marked
provirus (corrected for ‘‘silent’’ retrotranspositions from
unspliced proviral transcripts) should be 2 x 107 per cell
per generation.

Direct involvement of the gag and pol gene products in the
triggering of retrotransposition was established as follows.
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FIG. 1. Retroviral structures and retrotransposition detection. (A) Wild-type Mo-MuLV provirus (pMov3 [11]) with gag, pol, and env
open reading frames. Restriction sites used for the construction of the defective marked provirus (see below) and the provirus for gag-pol
transcomplementation (BamHI-Clal deletion) are indicated. Numbers refer to the distance from the viral RNA cap site. The heavy bar
corresponds to the probe used in Fig. 3A. (B) Structure of the marked provirus and principle of the assay. neo(RT) is as described in reference
12 except for the splice donor-containing fragment, which was reduced in size upon Mbol restriction. The arrows indicate the orientation of
each genetic element. The neomycin-coding sequence (neo) under the control of the thymidine kinase promoter (¢k) is inactive in the initial
configuration because of an inserted sequence containing a polyadenylation signal (pA); pA is bracketed by splice donor and acceptor sites
(S.D., S.A)). Upon transcription of the provirus, the engineered intron of the indicator gene should be removed, and in the transposed copy
neo directly under the control of the tk promoter should be active. neo(RT) (a blunt-ended HindIII-Aval fragment) was inserted in place of
the deleted Xhol (1560) to Clal (7674) domain of the wild-type Mo-MuLV (see panel A) after Klenow treatment. The 5’ part of the gag open
reading frame was preserved because it contains cis sequences increasing the efficiency of viral genomic RNA encapsidation (1, 2), but it was
inactivated by the introduction of a frameshift (indicated as A, a 8-bp Sacll linker at position 623, initial construct by S. Goff). (C-E) Southern
blot analysis of the DN As of two H4 clones transcomplemented with gag-pol (clones A and B) and of G418" variants (clones A-1 to A-3 and
B-1 and B-2). (C) Analysis of the number of neo(RT)-marked provirus copies upon BamHI restriction (which cuts once in pA), and
hybridization with a neo-labeled probe. (D and E) Analysis of the structure of the additional marked provirus copies upon Sacl restriction
and hybridization with a neo (D)- or tk (E)-labeled probe. The expected 4.2-kb, 2.7-kb, and 900-bp Sacl fragments are indicated by arrows;
lane m, size markers (shown by numbers on left in kilobases). HeLa cells were grown in Dulbecco modified Eagle medium supplemented with
5% fetal calf serum (GIBCO), 100 g of streptomycin per ml, and 100 U of penicillin per ml at 37°C in 5% CO,. The marked provirus was
cotransfected with pSV2gpt (18) by the calcium phosphate method, and clones were selected in the presence of mycophenolic acid (25 pg/ml)
plus xanthine (250 pg/ml). The gag-pol-containing plasmid was cotransfected with pHyg (24), and clones were selected in the presence of
hygromycin (200 pg/ml; Sigma). G418" cells were selected with 700 n.g of G418 (GIBCO) per ml. Southern blotting and hybridization were
done as described in reference 6, with 3?P-labeled random-primed DNA fragments.
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(i) No G418" variants could be isolated from 16 hygromycin-
resistant clones obtained upon mock transfection of the H4
clone with the pHyg plasmid alone and subsequent hygro-
mycin selection (up to 107 cells per clone in selection); (ii) all
five clones which generated G418" variants were shown a
posteriori to contain several copies of the transfected gag-
pol plasmid (data not shown), whose expression in the HeLa
cells was demonstrated by Northern blot analysis, as shown
for one of them in Fig. 3A; (iii) reverse transcriptase (RTase)
activity was detected specifically in the supernatant of those
clones which segregated G418" variants. Levels of RTase
activity ranged, depending on the clone, between 1 and 6%
of that detected with a virus producer ¥2 murine cell line as
a positive control, whereas no activity was detected in the
supernatant of HeLa cells or HeLa cells transfected with the
pHyg plasmid alone (<0.1%, i.e., background level of the
assay). Interestingly, analysis on sucrose density gradients
of the cell culture supernatants (Fig. 3B) disclosed a peak of
RTase activity at a density of 1.16 = 0.05 g/ml, which
corresponds to that of type C viral particles. Viruslike
particles were actually detected in these fractions by elec-
tron microscopy (Fig. 3C). These results demonstrate func-
tionality of the transfected Mo-MuLV-derived gag-pol se-
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TABLE 1. Coculture experiments between cells producing
G418 variants (H4-B clone) and test cells (HeLa-lacZ cells) to
demonstrate intracellular transposition of the marked provirus®

(LacZ*/ (LacZ*/ G418"

Expt Ni Laczo), Ny LacZ"),  (LacZ*/LacZ")
1 10* 4 7.5 x 106 5.2 0/19
2 10¢ 2 1.0 x 107 3.0 0/27
3 10t 1 1.1 x 107 23 0/17

“N;, Ny, Number of H4-B cells at the initial and final times of the
cocultures, respectively, before G418 selection. (LacZ*/LacZ™),, (LacZ*/
LacZ ™), number of HeLa-lacZ cells relative to H4-B cells in the cocultures in
the same time interval. The number of G418" clones obtained and their
phenotype (LacZ*/LacZ"~) are indicated for three independent experiments.
HeLa-lacZ cells are a HeLa cell clone containing the nuclear location signal
(nls)-lacZ reporter gene under LTR control (24a). Expression of the nls-lacZ
gene (LacZ* phenotype) was detected by the presence of blue nuclei
following X-gal staining (20).

quences in the human cells. Moreover, they indicate, as
suggested from previous reports for replication-defective
retroviruses in murine and avian cells (19, 21, 22), and more
recently demonstrated for human immunodeficiency virus
gag or gag-pol gene constructs (9, 14, 23), that the env gene
is not necessary for production of viruslike particles.

The release of RTase activity and particles in the super-
natant led us to investigate the intracellular character of the
detected retrotransposition events. Although, as expected
from the absence of env genes in all transfected plasmids, the
supernatants were not infectious (i.e., cannot confer the
G418" phenotype to test cells under conditions used for
infection), a definite demonstration was performed by cocul-
ture experiments between an H4 clone transcomplemented
for gag-pol (H4-B) and test HeLa cells of identical origin but
marked with a B-galactosidase lacZ gene. The rationale of
the test is to assume that an extracellular intermediate of
retrotransposition (whatever its nature) will target the dif-
ferent cell types with a probability equal to their relative

‘proportion in the coculture. In three independent experi-

ments, HeLa-lacZ cells were plated with a sufficiently small
number of H4-B cells so that the probability of inoculating a
G418" variant, i.e., cells in which transposition had already
occurred, was negligible (<0.01). The G418" variants spon-
taneously arising during the period of growth of the cocul-
ture (1 to 2 weeks) were then recovered by G418 selection.
As indicated in Table 1, all of them were lacZ negative.

In conclusion, intracellular transposition of a defective
retroviral element can take place in human HeLa cells. This
process does not require the envelope gene products and
may be associated with the concomitant release of noninfec-
tious viral particles. This situation could be related to the
observation in human placenta (8, 13) and tumor cell lines (4,
S, 16) of rare retroviral particles containing RTase activity,
which are most likely replication defective since viral enve-
lope proteins were not detected by electron microscopy (4)
and since attempts to propagate them as infectious retrovi-
ruses have failed (reviewed in references 15 and 25). As
presently shown for an exogenous retrovirus, these particles
could be the hallmarks of intracellular retrotransposition
processes, responsible for the dispersion at high copy num-
ber of several retroviruslike elements in the human genome
(references in 15 and 26). These results also suggest that
many integrated proviral elements, originating either from an
acute retroviral infection or from genetically transmitted
endogenous elements, could cooperate to ‘‘cryptically’’ dis-
perse in the genome and promote insertional mutagenesis by
a series of intracellular retrotranspositions.
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FIG. 2. Quantitative determination of the marked provirus transposition frequency. (A) Frequency of generation of G418" variants
measured by fluctuation analysis (17). Cells from clone H4-B were plated into 55 dishes (500 cells per dish) and grown in nonselective medium
for 21 days. Five dishes were stained at day 21, and their colonies (if greater than 50 cells) were scored to determine cloning efficiency (CE).
The 50 other dishes were individually trypsinized (0.5% trypsin, 0.5% EDTA in saline), and the cells were plated into new dishes allowing
G418 selection (700 pg/ml). Five dishes were used to determine the average number of cells per dish (N,) at the onset of the G418 selection.
For the 45 dishes left (C), G418 selection was maintained for 15 days and then G418" colonies were scored. In about one-half of the dishes
containing G418" cells, one clone was isolated and expanded and the DNA analysed by Southern blots; all of them (eight of eight) contained
a retrotransposed provirus. The average number (m) of G418 colonies per dish was best estimated from the percentage (p,) of dishes
containing no colony as m = — In(p,), since it minimizes errors due to clonal dispersion within individual dishes. The frequency of
spontaneous generation of G418" cells per cell per generation (f) corrected for cloning efficiency (CE = 0.19 + 0.02) was computed for two
independent experiments from equation 8 of reference 17 (given in the figure). (B) Northern blot characterization of the marked provirus
transcripts and of intron splicing efficiency. Northern blots of total RNA from clone H4-B were hybridized with either a neo- or a pA (fig.
1)-radiolabeled probe. A major transcript of 4.2 kb was detected with the neo probe, which corresponds to the proviral transcript in which
the indicator gene’s intron is spliced as it is not lightened by the intronic pA probe, whereas the 600-bp-longer transcript, lightened by both
probes, corresponds to the unspliced transcript. After scanning of the autoradiograms, a value for intron splicing efficiency of 0.75 = 0.05 was
derived. Total RNA was extracted by the guanidinium-cesium chloride procedure and electrophoresed in 1% agarose gel with formaldehyde
and blotted as described in reference 7. Prehybridization, hybridization, and washing were as for Southern blots.
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FIG. 3. Expression of the transfected murine gag-pol gene in stable HeLa cell clones. (A) The gag-pol gene under the control of the LTRs
was derived from the cloned Mo-MuLV upon deletion of the BamHI-Clal envelope domain (Fig. 1A) and was introduced into the cells as
indicated in the legend to Fig. 1. Total RNA from clone H4 (lane —) and from the transcomplemented clone H4-B (lane +) was analyzed by
Northern blotting as described in the legend to Fig. 2. The DNA fragment used as a probe for viral mRNA is indicated in Fig. 1A with a heavy
horizontal bar (bp 6236 to 6537). As a control, filters were hybridized with a murine B-actin probe. Two transcripts were detected (see arrows),
a 7.7-kb mRNA corresponding to the full-length proviral transcript and a 2.1-kb mRNA corresponding to the subgenomic Mo-MuLV
transcript (mouse 28S and 18S rRNAs are indicated as r); methods are as described in the legend to Fig. 2. (B and C) Characterization of
released retroviruslike particles. (B) Determination of the buoyant density of particles containing RTase activity. Supernatants from H4-B
cells were harvested (30 ml), filtered through 0.22-pm-pore-size filters, and concentrated by centrifugation (2 h in an SW28 rotor at 22,000 rpm,
4°C). The pellet was suspended in 200 wl of TNE (10 mM Tris HCI [pH 7.4], 150 mM NaCl, 1 mM EDTA), layered on top of a 25 to 45% linear
sucrose gradient in an SW41 rotor, and centrifuged for 12 h at 35,000 rpm at 4°C. Twenty-five fractions (~0.5 ml) were collected, and RTase
enzymatic activity (O) was measured for 10 pl of each fraction as described in reference 10. (C) Electron microscopy of the negatively stained
RTase-containing particles. Fractions corresponding to the peak of RTase were pooled (see bar in panel B), diluted in TNE, and centrifuged
for 2 h in an SW41 rotor at 35,000 rpm at 4°C. The pellet was resuspended in 50 pl of TNE, and S pl was deposited on carbon-coated grids
and stained with 1% uranyl acetate without prior fixation; the bars represent 0.1 wm.
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