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A direct comparison demonstrates that Rous sarcoma virus is capable of infecting aphidicolin-arrested cells
10-fold more efficiently than murine leukemia virus but less efficiently than human immunodeficiency virus.
The efficiency of infection of nondividing cells by the three viruses correlates with the respective ability of each

viral DNA to enter the nucleus.

Following entry into the cell cytoplasm, the retroviral ge-
nome must gain access to host cell chromosomes within the
nucleus to achieve stable integration. During this process the
retroviral DNA is present in a large complex with a subset of
retroviral proteins known as the preintegration complex (PIC)
(2). The physical size of the PIC is thought to exceed the upper
limit for passive diffusion through nuclear pores. In nondivid-
ing cells, viral entry, uncoating, DNA synthesis, and formation
of the murine leukemia virus (MLV) PIC occur at the same
rate as in dividing cells, but integration fails to occur (20, 24).
During mitosis, however, the nuclear membrane disassembles,
rendering the chromosomes accessible to the MLV PIC (24).
These findings could explain the conclusion that infection by
oncoretroviruses such as MLV and Rous sarcoma virus (RSV)
requires cell division (14, 15, 20, 24, 28-30).

The requirement for mitosis during infection is not common
to all retroviruses. Indeed, lentiviruses are able to infect certain
types of nondividing cells (19, 20). This property is thought to
be due to the ability of the lentiviral PIC to be actively trans-
ported across the nuclear membrane (6). Although the precise
mechanism by which nuclear entry is achieved remains elusive,
nuclear localization signals (NLS) have been identified on both
the Vpr and matrix proteins of human immunodeficiency virus
type 1 (HIV-1) and were initially thought to direct nuclear
localization of the PIC (5, 11). However, mutant viruses lack-
ing both Vpr and the matrix NLS were shown to be capable of
replicating in nondividing cells (9). Moreover, both Vpr and
the matrix protein can be completely removed without affect-
ing infection of nondividing cells (23). Recently, the HIV-1
integrase protein has been shown to be nucleophilic, and this
property has been proposed to direct the PIC to the nucleus
(10). The identification of an NLS in the integrase of RSV (17,
18) prompted us to reexamine the ability of this virus to infect
nondividing cells in direct comparison with HIV and MLV.

To compare the cell cycle dependence of HIV, MLV, and
RSV, target cell growth was arrested using aphidicolin. Aphidi-
colin is a reversible inhibitor of eukaryotic nuclear DNA syn-
thesis, and treatment of cells with this inhibitor arrests the cell
cycle in the G,/S phase. Various aphidicolin concentrations
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and target cell lines were tested, and the human fibrosarcoma
cell line HT1080 was chosen for detailed study because the cell
cycle could be effectively arrested by aphidicolin without overt
cytotoxicity. To efficiently infect this human cell line, and to
eliminate any potential artifacts arising from the use of differ-
ent cell surface receptors, all viruses were pseudotyped with
the vesicular stomatitis virus G envelope glycoprotein. In ad-
dition, the infectivity of each virus was measured using the
same methodology and with vectors capable of only a single
round of infection.

HIV-1 and MLV viral stocks were generated by transient
transfection of 293T cells. For HIV, the Gag-Pol expression
plasmid pA8.2 and the vector plasmid pHRlacZ (22) were
cotransfected with the vesicular stomatitis virus G envelope
glycoprotein expression plasmid pHCMV.G (7). For MLV, the
Gag-Pol expression plasmid pHCMV.GagPol (a gift from F.-L.
Cosset) was cotransfected with the vector plasmid pLMNI1 (a
gift from P. D. Bieniasz) and pHCMV.G. RSV vector stocks
were produced in DF1 chicken cells transiently transfected
with the full-length RSV viral plasmid modified to also express
the lacZ gene (kindly provided by Y. Li) (see reference 8) and
pHCMV.G. In each case, virus-containing supernatants were
harvested 24, 48, and 72 h posttransfection. The supernatants
were filtered through a 0.2-um-pore-size filter, and the virions
were purified by ultracentrifugation through a 25% sucrose
cushion, resuspended in phosphate-buffered saline, and stored
at —70°C until use.

Target HT1080 cells were seeded at 5 X 10 cells/well (24-
well plate) and treated with aphidicolin (2 pg/ml) for 24 h prior
to infection. The cells were inoculated with serial dilutions of
the viral stocks and supplemented with DEAE dextran (10
pg/ml) and aphidicolin (2 pg/ml). After 4 h, the cells were
washed three times with phosphate-buffered saline and incu-
bated in the presence or absence of aphidicolin for a further
48 h. Viral titers were determined by 5-bromo-4-chloro-3-in-
dolyl-B-p-galactopyranoside (X-Gal) staining.

To confirm that aphidicolin blocked target cell division, cells
were harvested at several time points during treatment, fixed
with cold 80% ethanol, and treated with DNase-free RNase
and propidium iodide (Boehringer). The DNA content was
subsequently analyzed by a fluorescence-activated cell sorter.
As can be seen in Fig. 1, cells treated with aphidicolin for 24 h
accumulated in the G,/S phase, demonstrating that the cells
were arrested at the time of infection. After the viral superna-



VoL. 75, 2001

00 400 ]

FLZ-4

+

200 400 GO0

FLZ-&

- aphldlcolm

L

200 400 GO0 aun 1000
FLE-&

L

200400 BOG EDD 1000
FL2-A

)
)
=

T

o 120150

FIG. 1. Cell cycle analysis of HT1080 cells treated with aphidicolin.
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Cells were treated with aphidicolin for 24 h, washed, and maintained in the

absence (—) or presence (+) of aphidicolin. The histograms show the results of fluorescence-activated cell sorter analyses after the cells had been

stained with propidium iodide at the indicated times.

tant had been removed and the cells had been washed, cells
that were maintained in aphidicolin remained arrested in G,/S,
whereas cells from which aphidicolin was removed reverted to
a normal proliferating profile.

X-Gal staining of HT1080 cells infected with the different
viral vectors revealed that the presence of aphidicolin did not
affect HIV-1 titers but reduced RSV and, to a greater extent,
MLV titers compared to titers in cells released from aphidi-
colin treatment (Fig. 2A). Quantitative analysis of data ob-
tained from four independent experiments confirmed that the
presence or absence of aphidicolin had no measurable effect
on HIV-1 infectivity (Fig. 2B). This finding demonstrated that
the target cells remained viable and fully competent to support
lentiviral infection. In contrast, infectious titers of MLV mea-
sured in G,/S-arrested cells were reduced 500-fold more than
those in dividing cells (Fig. 2B). These results are similar to

those previously reported and further show that target cell
proliferation was effectively blocked. Simultaneous determina-
tion of RSV vector titers revealed that RSV infectivity was also
reduced by target cell growth arrest but less dramatically, 50-
fold, than that of MLV (Fig. 2B). Compared to dividing cells,
the titer in arrested cells was preserved at 100% for HIV,
reduced to 3% for RSV, and reduced to 0.2% for MLV (Fig.
2C). These results demonstrate that RSV is capable of infect-
ing nondividing cells less efficiently than HIV but 10-fold more
efficiently than MLV. This phenotypic difference between
MLV and RSV was not dependent on the cells in which the
virus was produced. Specifically, MLV vectors produced in
chicken DF1 cells exhibited a sensitivity to aphidicolin identi-
cal to that of MLV vectors produced in human 293T cells (data
not shown).

To determine which step during the early events of infection
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FIG. 2. Infectivity of HIV, RSV, and MLV on dividing and nondividing cells. Infections were carried out in aphidicolin-arrested cells that were
released from or maintained in aphidicolin after infection. (A) Representative experiment of HT1080 cells infected with equivalent titers of HIV,
RSV, or MLV and stained by X-Gal at 48 h postinfection. (B) Viral titers are expressed as LacZ infectious units per milliliter on HT1080 cells
maintained in the absence (—) or presence (+) of aphidicolin. (C) Viral titers on nondividing cells are expressed as a percentage of titers obtained

on dividing cells.

differed between the three viruses, the synthesis of viral DNA
by each virus was analyzed using PCR. To ensure that the
template amplified during the PCR had arisen from viral DNA
synthesis during infection and was not contaminating DNA

carried over from the transfection during virus preparation, the
following steps were taken. Prior to infection, viral superna-
tants were treated with RNase-free DNase I (1 U/ml; Boehr-
inger) in the presence of MgCl, (10 mM) for 1 h at 37°C. In
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FIG. 3. PCR analysis of Hirt extracts from infected and uninfected cells. Aphidicolin-arrested HT1080 cells were infected with the indicated
virus and released from or maintained in aphidicolin after infection. Hirt DNA was harvested 24 h postinfection and subjected to PCR analysis
(see the text for details). (A) PCR amplification of elongated plus-strand viral DNA. Undiluted (Und.) Hirt DNA or Hirt DNA diluted 10-fold
(1/10) or 100-fold (1/100) was used as a template for the PCR. (B) The same sample dilutions were used for PCR amplification of 2-LTR circular
DNA. (C) PCR amplification of mitochondrial DNA from undiluted Hirt extracts from uninfected or infected cells that were maintained in the
absence (—) or presence (+) of aphidicolin. H.I., undiluted Hirt DNA from cells incubated with heat-inactivated virus; mock, undiluted Hirt DNA

from uninfected cells.

addition, as a negative control for de novo viral DNA synthesis,
viruses were heat inactivated by incubation at 65°C for 30 min.
HT1080 cells were seeded at 2 X 10° cells/plate (60-mm diam-
eter) and treated with aphidicolin (2 wg/ml) for 24 h prior to
infection. Cells were then infected at a multiplicity of infection
of 1 for 4 h in the presence of aphidicolin, washed, and main-
tained or released from aphidicolin treatment for a further
24 h. The cells were then lysed and low-molecular-weight DNA
was extracted as previously described (12).

The presence of aphidicolin had no effect on the synthesis of
viral DNA. Specific primers that hybridize to the R/U5 and
Gag regions of each virus were used to detect elongated plus-
strand DNA, a late product of reverse transcription. The prim-
ers used for HIV have been described elsewhere (3). The
following primers were used to detect viral DNA: 5'-GCCAT
TTGACCATTCACCACATTGG-3' (forward primer) and 5'-
CTAATCCCAACCAAAACTTTGCTTG-3' (reverse primer)
for RSV and 5'-GCGCCAGTCCTCCGATTGACT-3' (for-
ward primer) and 5'-GACCTTGATCTTAACC TGGG-3' (re-
verse primer) for MLV. The standard program for amplifica-
tion was 30 to 35 cycles of 94°C for 1 min, 55°C for 1 min, and
72°C for 1 min. The number of amplification cycles was chosen
so that the assay was below saturation; i.e., the amount of
product was related to the amount of DNA used. Similar levels
of each viral DNA product were detected in both arrested and
nonarrested cells for all viruses (Fig. 3A). No viral DNA prod-
ucts were detected in uninfected cells or in cells incubated with
the heat-inactivated viruses (Fig. 3A). To verify that equivalent

amounts of total cellular DNA were present in each sample,
human mitochondrial DNA was amplified under the condi-
tions described above using forward primer 5'-GAATGTCTG
CACAGCCACTTTCCAC-3' and reverse primer 5'-GATCG
TGGTGATTTAGAGGGTGAAC-3' (Fig. 3C). These data
demonstrate that HIV, RSV, and MLV entry, uncoating, and
reverse transcription proceed in nondividing cells as efficiently
as in dividing cells.

Once reverse transcription is completed and the linear viral
DNA enters the nucleus, circular DNA forms containing one
or two copies of the long terminal repeat (LTR) are generated,
probably by the action of nuclear host enzymes (2, 4). Al-
though these DNA forms are not involved in productive viral
integration, they can be used as a hallmark of viral DNA entry
into the nucleus. The levels of the 2-LTR circular DNA in
infected cells were determined using PCR primers designed to
amplify the LTR-LTR junction of each virus. The primers and
conditions used for each virus are listed below. For HIV, for-
ward primer 5'-GGTACTAGCTTGAAGCACCATCC-3" and
reverse primer 5'-GCCTCAATAAGCTTGCCTTGAGTG-3’
were used for 45 cycles of 94°C for 1 min, 64.5°C for 1 min, and
72°C for 1 min. For RSV, forward primer 5'-GGACCGTTG
ATTCCCTGAC-3" and reverse primer 5'-CACTTAAATAC
AATATCT C-3' were used for 35 cycles of 94°C for 1 min,
50°C for 1 min, and 72°C for 1 min. For MLV, primers
MR5784 and MR4091 have been previously described (27) and
were used for 35 cycles of 94°C for 1 min, 55°C for 1 min, and
72°C for 1 min.
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2-LTR circles were readily detectable in both dividing and
nondividing cells infected with HIV (Fig. 3B). In contrast,
circular MLV DNA was detected in dividing cells but was
barely detectable in the aphidicolin-treated cells (Fig. 3B). The
detection of MLV 2-LTR circles was difficult even in dividing
cells, and infection at a multiplicity of infection of 100 was
necessary to obtain the results shown. RSV-infected cells
showed an intermediate phenotype in that the levels of circular
DNA were detectable in both dividing and arrested cells but
were clearly present at reduced levels in the latter (Fig. 3B).
Although the relationship between DNA input and the quan-
tity of amplified product is not linear, it can be estimated that
RSV and MLV 2-LTR circles were reduced approximately 10-
and 100-fold, respectively, as a result of target cell arrest.
These results correlate with the infectivity data (Fig. 2) and
suggest that the ability of each virus to infect nondividing cells
is a consequence of the ability of the viral DNA to enter the
nondividing target cell nucleus.

These data clearly demonstrate that RSV can infect aphidi-
colin-arrested cells with moderate efficiency. It has been pre-
viously reported that aphidicolin treatment blocked the forma-
tion of 2-LTR circles in quail embryonic fibroblasts (13).
However, in that study, 2-LTR circle formation was detected
using Southern blot analysis that is not as sensitive as the PCR
used in this study, which could explain the discrepancy in the
results. It is unlikely that the difference in results arises from
the use of different target cell lines since we have obtained
infectivity results similar to those presented here in a variety of
different cell lines, including chicken fibroblasts (DF1) (data
not shown). Additionally, these findings were not restricted to
cells arrested at the G,/S border, because analogous results
were obtained using mitomycin C, a drug that arrests cells in
the G, phase of the cell cycle. Although the arrest induced by
mitomycin C treatment in HT1080 cells was not as potent as
that induced by aphidicolin, preliminary data showed that virus
titers in treated cells were reduced to 1% (MLV), 5% (RSV),
and 67% (HIV) of the titers obtained in untreated cells.

Although the efficiency of RSV infection in arrested cells is
lower than that of HIV-1 infection, it is significantly higher
than that of MLV infection. The ability of RSV to generate
2-LTR circles in arrested cells suggests that the differences in
infectivity reflect the different abilities of these viruses to enter
the nucleus of nondividing cells. The mechanism used by len-
tiviruses to gain access to the nucleus of nondividing cells has
not been definitely elucidated; however, the identification of
several NLS in different HIV-1 proteins raises the possibility
that these signals mediate nuclear entry. While no NLS have
been identified in MLV, it has been shown that the RSV
integrase contains a potent NLS (17, 18). It is reasonable to
speculate that the presence of this NLS is responsible for the
ability of RSV to infect nondividing cells more efficiently than
MLV. The difference in efficiencies of arrested-cell infection
between RSV and HIV-1 could be due to the fact that multiple
NLS have been found in HIV-1 PIC components compared to
only one (thus far) in RSV. Potentially, the HIV-1 NLS could
act cooperatively to result in more efficient nuclear entry. Al-
ternatively, it is possible that the RSV NLS is partly occluded
in the context of a PIC. Ultimately, further blocks to RSV
replication, following nuclear entry of the viral DNA, could
exist.

J. VIROL.

Other retroviruses may ultimately prove to have the ability
to infect nondividing cells with intermediate efficiency, as
shown here for RSV. It has been demonstrated that foamy
virus Gag and Pol proteins, including the integrase, contain
NLS (16), and the viral DNA was detected in the nucleus of
cells arrested in G,/S (26). However, the ability of foamy vi-
ruses to infect nondividing cells remains controversial. Certain
studies have demonstrated that foamy viruses cannot infect
aphidicolin-arrested cells (1, 26), while others suggest that they
can infect nondividing cells to some extent (21, 25). It is likely
that the nucleophilic properties of these viruses allow infection
of nondividing cells, but the efficiency remains significantly
lower than that of lentiviruses.

Finally, the ability of lentiviruses to infect nondividing cells
has been exploited in the development of vectors for human
gene therapy, but their application is limited by safety con-
cerns. Since RSV can infect nondividing cells with low effi-
ciency, future efforts could focus on improving this ability, in
order to generate vectors useful for gene therapy strategies in
which the infection of nondividing cells is required.
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