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Human Cells Infected with Retrovirus Vectors Acquire an
Endogenous Murine Provirus
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A 5.2-kilobase mouse RNA is expressed in human cells following infection with recombinant retroviruses
propagated in mouse NIH 3T3 cells as I-2 pseudotypes. This RNA is transcribed from a defective mink cell
focus-forming provirus and copackaged into virions and integrated into human target cell DNA at a frequency
comparable to that of the recombinant retrovirus genome.

Cell lines such as T-2 (21) and T-AM (4) express the
retroviral genes essential for virus assembly and replication
and permit the propagation of retroviruses that can serve as
vectors to introduce specified genes into cells by infection
(21, 32). These viruses are defective because the genes
encoding the virus proteins contain deletions in sequences
required for packaging into virions. However, other cellular
RNAs may be packaged into retroviruses and eventually
become expressed in the infected target cell (2, 3, 14, 19, 27).
In this report, we identify a murine provirus transcript which
is transferred into human cells by infection with defective
retrovirus vectors propagated as 'P-2 pseudotypes.
We have studied a human EJ cell line, 803, which has

acquired susceptibility to infection by murine ecotropic
retroviruses as a consequence of transfection with the mouse
gene encoding the virus receptor (1). This cell line was
identified by exposure to MSV-NEO (36), a recombinant
retrovirus which is propagated in mouse T-2 cells and
confers survival upon infected cells maintained in culture
medium containing G418. Polyadenylated [poly(A)+] RNA
from 803 cells was isolated and used as a template to prepare
32P-labeled cDNA (specific activity, >108 cpm/,ug) as part of
a cDNA subtraction protocol (10, 20) initially designed to
identify the ecotropic receptor gene. This cDNA was hybrid-
ized to a 50-fold excess of unlabeled poly(A)+ RNA pre-
pared from uninfected EJ cells. Unhybridized cDNA was
then recovered by hydroxyapatite chromatography and ap-
plied under hybridization conditions to nitrocellulose filters
which contained phage DNA from a BALB/c fibroblast
cDNA library (37). Analysis of 12 phages identified by this
protocol revealed that they were all derived from the same
gene. Analysis of the nucleotide sequence of B5, the phage
with the largest insert, demonstrated strong homology to
murine leukemia viruses (MuLVs) but not the virus receptor
gene (1).
To investigate the origin of the transcript homologous to

B5 in the 803 cell line, we examined a Northern (RNA) blot
hybridized to a 32P-labeled Moloney murine provirus, clone
836 (11). Autoradiography of this blot (Fig. 1A) identified the
3.3-kilobase (kb) MSV-NEO transcript and the 7.9-kb and
2.9-kb transcripts from the 'I-2 provirus (21) in P-2 MSV-
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NEO, the virus producer cell line (lane 1). The MSV-NEO
transcript was also identified in RNA from 803 cells (lane 3),
but the T-2 provirus transcripts were not present, an ex-
pected consequence of their defect in packaging into infec-
tious virus. However, a faint 5.2-kb RNA was detected in
803 RNA (lane 3), the result of cross-hybridization with an
abundant RNA homologous to the 836 provirus probe.
Indeed, when B5 was applied as a hybridization probe to the
same Northern blot (Fig. 1B) prepared by removal of the 836
probe, this 5.2-kb transcript and an additional 2-kb transcript
were identified in RNA prepared from both 803 cells and
the MSV-NEO virus producer cell line, but not uninfected
human EJ cells (lane 2). This result suggested that these
transcripts had been acquired by the 803 cell line as a con-
sequence of MSV-NEO virus infection.
To confirm this, we examined RNA isolated directly from

MSV-NEO virions and from two other recombinant retrovi-
ruses, ZIPgptSV(X) (23) and ZIP-DHFRr (36), also propa-
gated in T-2 cells. We detected the 5.2-kb transcript in virion
RNA (Fig. 2, lanes 3, 4, and 5), but the 2-kb transcript was
not identified; it may represent a spliced version of the
5.2-kb transcript that is not efficiently packaged into virions.
Examination of several human cell lines infected with am-
photropic pseudotypes (T-AM-derived recombinant viruses)
also demonstrated the 5.2-kb and 2-kb transcripts (Fig. 2,
lanes 10 to 13), proving unequivocally that they were ac-
quired by retrovirus infection.
The steady-state level of these two transcripts varied but

could exceed that of MSV-NEO RNA (Fig. 1B, lanes 3 and
4) despite selection of the infected cells for expression of the
neomycin resistance gene within the recombinant virus
genome. The expression of these transcripts was indepen-
dent of the recombinant retrovirus structure (Fig. 2, lanes 7,
10, and 11) or the target cell type (Fig. 2, lanes 7, 12, and 13).
In addition, NIH 3T3 cells expressed these transcripts (Fig.
2, lane 1), and therefore other virus-packaging cell lines
derived from these cells (5, 22) may produce recombinant
virus containing these transcripts.
We compared the relative frequency of transfer of the

5.2-kb and the MSV-NEO transcript by performing Southern
blots with EcoRI-digested DNA prepared from three dif-
ferent clones of EJ cells (803, C-26, and C-3) infected with
MSV-NEO virus. The filters were initially hybridized to a
32P-labeled MSV-NEO-derived probe with the 700-base-pair
(bp) PvuII restriction fragment from the MSV-NEO provi-
rus. Since this fragment does not contain an EcoRI site, each
MSV-NEO virus integration was identified as a single hy-
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FIG. 1. Identification of a transcript expressed in a human EJ
cell line 803 after infection with MSV-NEO retrovirus. An autora-
diogram of the same Northern blot appears in each panel. The blot
was probed with 32P-labeled ecotropic provirus 836 (A) and B5
phage insert (B). Probes were generated by random primer labeling
(5) to a specific activity of >108 cpm/l,g. Lane 1, T-2 MSV NEO
virus producer cell line; lane 2, uninfected EJ cells; lane 3, 803; lane
4, 803 repeated. Lanes 1 to 3 were loaded with 5 ,ug and lane 4 was
loaded with 500 ng of poly(A)+ RNA.

bridizing band (Fig. 3A). After autoradiography, the filter
was stripped of the MSV-NEO probe and rehybridized to the
32P-labeled B5 (Fig. 3B) EcoRI insert. Comparison of the
number of hybridizing bands in Fig. 3B and 3A demonstrates
that integration of the 5.2-kb transcript cDNA into the target
cell DNA occurred at only a slightly lower frequency than
MSV-NEO integration in all three cell lines. These cell lines
were identified by selection of MSV-NEO expression in
G418-containing culture medium; the relative frequency of
B5 integration may be higher in an unselected population of
infected cells.
To obtain an exact cDNA copy of the transcripts, we used

B5 as a hybridization probe on a cDNA library prepared
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FIG. 2. B5 hybridizes to transcripts present in viral RNA and in
poly(A)+ RNA prepared from human cell lines infected with T-2
retroviruses. A Northern blot was hybridized to the 32P-labeled
EcoRI insert of B5. Sources of RNA: lane 1, NIH 3T3 fibroblasts;
lane 2, T-2 MSV-NEO producer cells; lane 3, ZIPgptSV(X) virions;
lane 4, MSV-NEO virions; lane 5, ZIP-DHFRr virions; lane 6,
uninfected human EJ cells; lane 7, C-26 cells (EJ cells transfected
with the gene encoding the murine ecotropic retrovirus receptor,
infected with MSV-NEO, and selected in G418-containing medium);
lane 8, 803 cells; lane 9, HeLa cells; lane 10, EJ cells infected with
amphotropic ZIP-NEOSV(X) virus (4) and selected in G418-con-
taining medium; lane 11, EJ cells infected with amphotropic SV2his
virus (9) and selected in L-histidinol-containing medium; lane 12,
HeLa cells infected with amphotropic SV2his virus and selected in
L-histidinol-containing medium; lane 13, HepG2 cells infected with
amphotropic SV2his virus and selected in L-histidinol-containing
medium. Lanes 8 and 13 contain 1 ,ug of RNA; all others contain 5
,ug. All the data were generated from a single Northern blot. Lanes
1, 2, 3, 6, and 7 were exposed to film for 16 h, lanes 4, 5, and 9 to 12
were exposed for 24 h; lane 8 was exposed for 6 h; and lane 13 was
exposed for 36 h. Arrows indicate 5.2- (top) and 2.0-kb transcripts.
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FIG. 3. Integration frequency of the provirus homologous to B5
in human EJ cells infected with MSV-NEO. Three different EJ
clones that expressed the ecotropic retrovirus receptor were in-
fected with ecotropic MSV-NEO virus and selected with G418.
DNA was prepared from each cell line, digested with EcoRl, and
analyzed by a Southern blot hybridized to a 32P-labeled 0.7-kb PvuII
restriction fragment from the MSV-NEO provirus (A) and after
removal of the probe, to the 32P-labeled B5 insert (B). Lane 1,
uninfected EJ cells; lane 2, C-26 cells; lane 3, 803 cells; lane 4, C3
cells. Size markers (top to bottom) are 23, 9.4, 6.5, 4.5, 2.2, and 2.0
kb.

from 803 poly(A)+ RNA (1). We obtained a recombinant
phage, HT4, which contained a 1.9-kb insert that reproduced
the hybridization pattern of B5 (data not shown). Analysis of
the nucleotide sequence of HT4 identified a 430-bp region
with strong homology to the long terminal repeat (LTR) of
MuLV and included a 190-bp sequence characteristic of
endogenous proviruses (17, 26, 31). In addition, an oligonu-
cleotide sequence which is unique to the envelope gene of
the MCF subgroup of MuLV (25) hybridized on a Southern
blot to HT4 DNA (hybridization: Gene Screen Plus; 50%
formamide, 1 M NaCl, 1% sodium dodecyl sulfate [SDS],
10% dextran sulfate, 500 ,ug of fish DNA per ml, 42°C; wash:
2x SSC-0.1% SDS, 420C) but not to DNA from other MuLV
subgroups (Fig. 4). Therefore, analysis of both the LTR and
env sequence of HT4 was consistent with its origin from an
endogenous MCF-like provirus.
The culture medium of 803 cells did not contain reverse

transcriptase activity, consistent with a lack of virus produc-
tion. Furthermore, when the HT4 nucleotide sequence was
compared with that of a replication-competent MCF MuLV,
MCF247 (13), a large (>1 kb) deletion in the HT4 envelope
gene was identified. Therefore, the HT4 retrovirus is appar-
ently defective.

Expression of defective proviruses such as HT4 may
potentially have a number of diverse effects upon the host
cell. For example, the HT4 provirus may encode antigenic
viral proteins (16, 29), which could provoke a host immune
response against the infected cells. Also, acquisition of
defective proviruses similar to HT4 by retrovirus infection
has been associated with host immune suppression (2, 3, 27).
Furthermore, recombination (15, 28) between the HT4 pro-
virus and the retrovirus vector genome or other sequences
packaged into the virion (2, 3, 14, 19, 27, 30) could result in
new combinations of functional genes (8), including replica-
tion-competent viruses (34). Finally, important cellular
genes in the target cell genome may be disrupted as a
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FIG. 4. Oligonucleotide probe specific for MCF subgroup hy-
bridizes to HT4. A Southern blot was prepared from DNA obtained
from plasmids that contain env sequences of proviruses representing
different murine retrovirus subgroups and hybridized to a 3p_
labeled MCF-specific probe (25). Lane 1, pW247 (12), derived from
cloned MCF virus MCF 247, PstI digest; lane 2, pNZB-X (24),
derived from a xenotropic provirus from NZB mice, EcoRI digest;
lane 3, pHT4 1.9-kb EcoRI insert; lane 4, 836 ecotropic Moloney
provirus (11), EcoRI digest; lane 5, pMX14 (J. P. Stoye, unpublished
data), a 3.3-kb subclone of the ecotropic AKV provirus from the
HRS/J mouse that contains env sequences, HindIll digest; lane 6,
pMAV-(4), a recombinant provirus that contains env sequences
derived from the amphotropic virus 4070A EcoRI digest.

consequence of integration of the provirus into cellular DNA
(7, 18, 33). Knowledge of the presence of this "hitchiker"
sequence may therefore be relevant for the use of retrovi-
ruses propagated in murine fibroblasts as insertional muta-
gens or in human gene therapy. Elimination of this MCF-like
RNA from retroviral vectors may require their propagation
in cell lines from species with minimal provirus content.
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