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It has been generally believed that oncoretroviruses are dependent on mitosis for efficient nuclear entry of
viral DNA. We previously identified a nuclear localization signal in the integrase protein of an oncoretrovirus,
avian sarcoma virus (ASV), suggesting an active import mechanism for the integrase-DNA complex (G. Kukolj,
R. A. Katz, and A. M. Skalka, Gene 223:157–163, 1998). Here, we have evaluated the requirement for mitosis
in nuclear import and integration of ASV DNA. Using a modified ASV encoding a murine leukemia virus
amphotropic env gene and a green fluorescent protein (GFP) reporter gene, DNA nuclear import was measured
in cell cycle-arrested avian (DF-1) as well as human (HeLa) and mouse cells. The results showed efficient
accumulation of nuclear forms of ASV DNA in �-irradiation-arrested cells. Efficient transduction of a GFP
reporter gene was also observed after infection of cells that were arrested with �-irradiation, mitomycin C,
nocodazole, or aphidicolin, confirming that nuclear import and integration of ASV DNA can occur in the
absence of mitosis. By monitoring GFP expression in individual cells, we also obtained evidence for nuclear
import of viral DNA during interphase in cycling cells. Lastly, we observed that ASV can transduce postmitotic
mouse neurons. These results support an active nuclear import mechanism for the oncoretrovirus ASV and
suggest that this mechanism can operate in both nondividing and dividing cells.

Early events in the retroviral replication cycle include re-
verse transcription of the viral RNA and integration of the
resulting viral DNA genome into the host cell chromosomes
(6, 12). These two steps are catalyzed by the viral enzymes
reverse transcriptase (RT) and integrase (IN), which are car-
ried into the cell within the virion capsid. In addition to the
enzymatic steps, these early events require trafficking of the
viral DNA, which is synthesized in the cytoplasm, to sites of
integration in the host cell chromosomes in the nucleus. The
precursor to the integrated viral DNA is a linear double-
stranded DNA which is found in a subviral preintegration
complex that contains IN, as well as other host and viral pro-
teins. It is likely that all retroviruses utilize active mechanisms
(as opposed to passive diffusion) for subcellular trafficking of
viral DNA, and such movement may be facilitated by interac-
tions between the preintegration complex and host cell factors
or structures. As efficient and stable expression of viral DNA
requires integration into the host chromosome, the transport
of viral DNA to an integration site is essential to complete the
early steps in infection. Integration of the viral DNA marks a
transition to late steps that include synthesis of viral RNAs and
proteins, followed by assembly and budding of progeny parti-
cles.

The nuclear membrane is a potential barrier for movement
of retroviral DNA (in the preintegration complex) to the chro-
mosomal integration sites. In dividing cells, which are progress-
ing through the cell cycle (G1 3 S 3 G2 3 M), the nuclear

membrane remains intact during interphase (G1 3 S 3 G2)
and disassembles during mitosis (M). During interphase, the
movement of cellular components into the nucleus occurs
through the nuclear pores. In postmitotic, nondividing cells,
the nuclear membrane remains intact, and the nuclear pore is
likely an obligatory pathway for nuclear entry of cellular and
retroviral components (8). Retroviral transduction (reverse
transcription and DNA integration) requires that the viral
DNA enter the nucleus, either during mitosis, through the
nuclear pore, or by some other active mechanism.

The host cell cycle requirements for support of retroviral
infection can be studied using synchronized dividing cells or
nondividing cells. Experimentally, nondividing cells include cy-
cle-arrested cells (e.g., G2 arrest), quiescent cells that are tem-
porarily withdrawn from the cell cycle (G0 cells; unstimulated
or serum-starved cells) or terminally differentiated cells (G0

cells) that do not reenter the cell cycle. Early characterization
of the prototypic retrovirus, Rous sarcoma virus (an avian
sarcoma virus [ASV]; an alpharetrovirus), indicated that
chicken embryo fibroblasts whose growth was arrested by se-
rum starvation (G0 arrest) could not support efficient reverse
transcription (14, 50). If cells were infected after release from
G0 [(G0) 3 G1 3 S 3 G2 3 M], the available evidence
suggested that reverse transcription and integration could take
place during S phase (20, 50), implying active nuclear import of
viral DNA prior to mitosis and cytokinesis. Mitosis appeared to
be required for later, postintegration events necessary for pro-
duction of progeny virions (20). Like ASV, the oncoretrovirus
murine leukemia virus (MuLV; a gammaretrovirus) requires
cell cycling to establish a productive infection (17, 36). Fur-
thermore, detailed studies by Roe et al. (44) indicated that
MuLV DNA enters the nucleus primarily during mitosis, sug-
gesting that nuclear membrane breakdown facilitated this pro-
cess.

* Corresponding author. Mailing address: Institute for Cancer Re-
search, Fox Chase Cancer Center, 7701 Burholme Ave., Philadelphia,
PA 19111. Phone: (215) 728-3668. Fax: (215) 728-2778. E-mail:
R_Katz@fccc.edu.

† Present address: Merck & Co., Inc., West Point, PA 19486.
‡ Present address: Drexel University, Philadelphia, PA 19104.

5422



The discovery that human immunodeficiency virus type 1
(HIV-1) could infect nondividing cells (29, 51) suggested an
active import mechanism that was independent of mitosis;
active nuclear pore-mediated import of HIV-1 DNA in non-
dividing cells was subsequently demonstrated (4, 5). Several
HIV-1 determinants have been implicated in nuclear import in
nondividing cells, but the field has been controversial (8, 13).
The mechanism of nuclear import of HIV-1 DNA in dividing
cells is not well understood, but some evidence suggests that
HIV-1 also exploits nuclear membrane breakdown during M
phase (4). Studies of the HIV-1 nuclear import mechanism
have used cycle-arrested, quiescent, and terminally differenti-
ated cells. As with ASV, early events of HIV-1 infection, in-
cluding reverse transcription, can be restricted in quiescent
(G0) cells (11). However, HIV-1 can transduce certain nondi-
viding, differentiated cells such as neurons and macrophages
(37, 38, 51), presumably also arrested in G0.

Direct comparisons have demonstrated that HIV-1-based
vectors can transduce nondividing cells much more efficiently
than MuLV vectors (2, 4, 29, 30, 38, 43, 49). This difference has
been attributed largely to a lack of nuclear import function for
MuLV. Extrapolating from results with MuLV (30, 44), it has
been widely assumed that all oncoretroviruses require mitosis
for efficient nuclear entry of viral DNA. The early studies
implying active nuclear import for ASV (20, 50) have been
either reinterpreted (44) or ignored. Our motivation for chal-
lenging this assumption comes from the observation that ASV
IN, a component of the preintegration complex, localizes to
the nucleus when expressed independently (25). Furthermore,
a noncanonical nuclear localization signal (NLS) was mapped
to positions 207 to 235 of IN and residues in this NLS were
found to be critical for IN nuclear import (26). These findings
suggested that ASV could use an active, nuclear pore-medi-
ated import mechanism for DNA entry into the nucleus. To
obtain a better understanding of the cell cycle dependence of
retroviral replication, we have examined the ability of ASV to
infect nondividing cells using a variety of conditions and assay
systems. Our results show that ASV DNA can be imported
efficiently into the nucleus during interphase in cells arrested
by a variety of methods. In addition, we provide evidence that
this nuclear import mechanism can be used in dividing cells
during interphase, as well as in nondividing differentiated cells.
These results extend our understanding of the virus-host inter-
actions and have implications for the design of retroviral vec-
tors and antiretroviral therapies.

MATERIALS AND METHODS

Cells. The DF-1 chicken embryo fibroblast line was obtained from D. Foster
and maintained as described (45). The FT210 cell line was obtained from E. M.
Bradbury (with permission from F. Hanaoka) and was propagated as described (48).

Vector construction and viruses. The starting ASV vectors were derived from
the RCAS series, in which the ASV (Rous sarcoma virus) src gene can be
replaced with reporter genes or selectable markers. The RCASBP M2C (4070A)
Puro vector was obtained from S. Hughes (1). This RCAS vector encodes an
MuLV amphotropic env gene which allows entry into mammalian cells. The
RCASBP M2C (4070A) vector backbone also contains an adaptive mutation in
the amphotropic env gene that allows more efficient replication in chicken cells.
This vector was digested with ClaI to release the puromycin gene and a cassette
containing the cytomegalovirus (CMV) immediate-early promoter driving the
gene for enhanced green fluorescent protein (EGFP) was inserted. The CMV-
EGFP segment was amplified from the pEGFP-C2 expression clone (Clontech)
by PCR. The downstream primer was positioned such that the pEGFP-C2 simian
virus 40 poly(A) signal was not included in the amplified cassette. ClaI restriction

sites were included in the PCR primers to facilitate cloning of the cassette into
the ClaI-cleaved RCAS vector. The orientation of the cassette was sense, such
that the poly(A) site in the downstream viral long terminal repeat (LTR) would
be used for 3�-RNA processing (see Fig. 2). The final construct (pASVA-
CMVEGFP) was used to transfect DF-1 chicken cells using the DEAE-dextran
method. Over a 2-week period, the cells were passaged and the virus spread
through the culture as indicated by efficient transduction of the EGFP gene.
Once the culture was uniformly infected, the cultures were maintained as pro-
ducer cells without serial passage of the virus (to minimize loss of the EGFP
cassette during reverse transcription). The vector could efficiently transduce the
EGFP gene to HeLa and other mammalian cells, as expected. Typically, titers of
more than 106 transducing units per ml were obtained when the virus was assayed
on HeLa cells. Only a single round of transduction by the ASV vector can occur
in these mammalian cells, as several post-DNA integration steps are restricted
compared to fully permissive avian cells (1).

A second construct was prepared from the RCASBP M2C (4070A) in which
the GFP is translated from a spliced RNA expressed from the LTR. The GFP
gene was obtained from an RCAS(A)-GFP plasmid provided by C. Cepko. The
GFP coding sequence was removed from RCAS(A)-GFP by cleavage with ClaI
and inserted into the ClaI site in RCASBP M2C (4070A). The resulting DNA
clone (pASVA-GFP) was used to transfect DF-1 cells as described above.
The resulting virus behaved similarly to the virus generated from pASVA-
CMVEGFP, except that the transducing titer was ca. 5-fold reduced as measured
on HeLa cells.

The MuLV amphotropic virus was obtained as plasmid DNA (pAMS) from
the American Type Culture Collection (ATCC no. 45167). NIH 3T3 cells were
transfected with pAMS, and virus production was monitored by Western blotting
using an anti-MuLV antibody kindly provided by M. Roth.

Infection and analysis of GFP expression. For experiments with ASVA-
CMVEGFP or ASVA-GFP, undiluted supernatants from producer DF-1 cul-
tures were used. Prior to infection, the virus-containing medium was passed
through a 0.45-�m-pore-size filter to remove contaminating DF-1 producer cells.
Target cells were infected with the filtered virus for 2 h in the presence of
DEAE-dextran (10 �g/ml), and GFP expression was typically observed 24 to 72 h
postinfection. Microscopy was carried out using a Nikon Eclipse TE800 inverted
microscope fitted with a charge-coupled device camera or a Nikon COOLPIX
950 digital camera. Transduction, as measured by GFP expression, was quanti-
tated using a Becton Dickinson FACScan flow analyzer. Infected cells were
analyzed on a green-versus-orange fluorescence plot with 14.5% orange minus
green compensation and 0.8% green minus orange compensation.

Cell cycle arrest and synchronization. Cells were arrested by exposure to 40
Gy of �-irradiation using cesium-137 irradiators. The Shepherd model 280 was
used for DF-1 cells, which were suspended after trypsinization. A cesium-137
panoramic irradiator, Shepherd model 81-14R, was used for HeLa cell mono-
layers. Cell cycle status was determined by DNA content using a Becton Dick-
inson FACScan flow analyzer. DF-1 and HeLa cells were arrested by treatment
with mitomycin C at a concentration of 10 �g/ml for 30 min (34). G1/S arrest of
DF-1 cells was established by treatment with aphidicolin (2 to 5 �g/ml) for 24 h,
and M-phase arrest of DF-1 cells was established by treatment with nocodazole
(25 �g/ml). For synchronization of HeLa cells, cultures were treated with no-
codazole (16 ng/ml) for 4 h and mitotic cells were removed by tapping the plate.
For G1/S arrest of HeLa and DF-1 cells, 2 and 0.5 mM hydroxyurea was used,
respectively.

PCR analyses. Circular retroviral DNA, a marker for nuclear import, was
detected by PCR using DNA primer pairs that specifically amplify the LTR
junctions formed when linear viral is circularized (5). Cells were infected as
described above and Hirt supernatant DNA was prepared at 16 to 24 h postin-
fection by standard methods.

PCR primers for ASV were 5�-TTATTGTATCGAGCTAGGCAC-3� and 5�-
CATCGAGCACCTGCATGAAGC-3�.

PCR primers for MuLV were 5�-GTGGTCTGCTGTTCCTTGG-3� and 5�-G
GGGCACCCTGGAAACATCT-3�. The 5� end of one primer in each pair was
labeled with 32P. PCRs were carried out for 25 to 30 cycles and were determined
to be in the quantitative range. Products (ca. 300 bp) were fractionated on 7%
urea-acrylamide gels.

Hippocampal neuron explants. Explants were prepared from C57BL/6 mouse
embryos (embryonic day 14.5 [E14.5]) as described previously (27).

RESULTS

ASV DNA can enter the nuclei of arrested cells. HIV-1 DNA
has been shown to enter the nuclei of cells whose division has

VOL. 76, 2002 TRANSDUCTION OF INTERPHASE CELLS BY ASV 5423



been blocked within the cell cycle by a variety of treatments
(3–5, 29–31). Nuclear import of retroviral DNA is routinely
monitored by the appearance of closed circular molecules in
which sequences at the linear ends (LTRs) are joined precisely
(LTR junctions) (Fig. 1A). Although such circular molecules
are dead-end products and not substrates for integration, they
provide a convenient measure for nuclear entry, as their ap-
pearance is likely to be dependent on the action of nuclear
DNA ligases. To investigate nuclear entry for ASV DNA, we
used derivatives of the replication-competent ASV vector that

encodes an MuLV amphotropic env gene (RCASBP-M) (1, 9).
This vector has an extended host range, allowing analyses to be
carried out in both avian and mammalian cells. In mammalian
cells, ASV is competent for early steps of infection including
integration, while virus production is blocked (1, 6). Therefore,
in experiments using HeLa cells, we could analyze results of
single transduction events without further virus spread.

To provide a basis for comparison with natural host cells, we
first assayed ASV DNA nuclear import in the chicken embryo
fibroblast DF-1 cell line. After exposure to �-irradiation, cell

FIG. 1. Nuclear import of retroviral DNA in arrested cells. Viral DNA LTR junctions signify nuclear entry of viral DNA. In each panel, the
cell cycle profiles are shown along with gel analyses of the PCR product corresponding to LTR junctions (LTR JNX [arrows]). FACS analyses for
DNA content indicate cell cycle status. Cell cycle profiles shown on the left represent dividing cells, and those on the right are for arrested cells.
Dividing and arrested cells were exposed to the ASV amphotropic virus for 2 h, and DNA was isolated 16 to 24 h postinfection for PCR analyses.
PCR analysis of mock-infected cells (CON) is shown. Cell cycle profiles were obtained from separate experiments using identical conditions.
(A) DF-1 chicken embryo fibroblast line. At top right, a diagram of the PCR strategy is shown; the middle panel presents a standard curve for PCR
showing a linear response over 3 to 4 logs. (B) FT210 cell line. (C) HeLa cell line. See Materials and Methods for details.
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cycle arrest was evident and was monitored by DNA content by
fluorescence-activated cell sorting (FACS) (Fig. 1A). The re-
sults verified that cells were arrested in G1 or G2. The DF-1
cells were infected 24 h postirradiation with a replication-
competent ASV vector, and viral DNA was analyzed 16 to 24 h
postinfection. The appearance of ASV LTR junctions indi-
cated that ASV DNA was imported into the nuclei of the
arrested cells with an efficiency similar to that for dividing cells
(Fig. 1A).

We also utilized a temperature-sensitive mouse cell line
(FT210) that can be arrested in G2 by shifting from 32°C
(permissive temperature) to 39°C (nonpermissive tempera-
ture). FT210 cells were maintained at the nonpermissive tem-
perature for 20 h, and cell cycle arrest was confirmed by FACS
analysis (Fig. 1B). These cells were infected with an ASV
amphotropic vector, RCASBP-M, and the assay for LTR junc-
tions was performed on cells harvested 16 h postinfection. As
shown in Fig. 1B, LTR junctions were readily detected in the
cultures that were shifted to 39°C.

It has been reported that HIV-1 DNA is able to enter the
nucleus of HeLa cells that have been arrested in G2 by expo-
sure to �-irradiation (4, 10, 29, 37). HeLa cells were arrested in
G2 with �-irradiation and infected with the ASV vector, using
conditions identical to those described in the HIV-1 studies
(29). A parallel arrested culture was also infected with MuLV
also encoding an amphotropic envelope gene. FACS analysis
confirmed that the HeLa cells were uniformly arrested in G2 at
the time of infection, as expected (Fig. 1C). The results showed
efficient formation of ASV LTR junctions in the G2-arrested
HeLa cells, compared to the amount observed in dividing
HeLa cells (Fig. 1C). MuLV LTR junctions were also detect-
able in the arrested HeLa cells, but the amount was signifi-
cantly reduced compared to that in dividing cells. From these
results we conclude that ASV DNA is imported efficiently into
the nuclei of arrested cells.

Construction of ASV vectors expressing a GFP reporter
gene and experimental design. To evaluate ASV DNA import
further, we designed ASV amphotropic vectors that encode a
GFP reporter protein. As nuclear functions are required for
transcription and processing of vector RNA encoding GFP,
expression of GFP is an unequivocal indicator of nuclear im-
port of the retroviral DNA transcriptional template. Two vec-
tors were designed (Fig. 2), both based on the ASV ampho-
tropic virus described above (1). In one vector, the EGFP open
reading frame was inserted into the src position such that it is
expressed from a spliced RNA transcribed from the viral LTR.

In the second vector, GFP expression is driven by the CMV
immediate-early promoter. Chicken DF-1 cells were trans-
fected with the two DNA constructs, and the progeny virus
spread through the culture, as monitored by expression of
GFP. The vector that included the CMV-driven GFP displayed
a 5- to 10-fold higher titer on HeLa cells than the vector that
expressed GFP from the viral LTR (data not shown). This
difference likely reflects the more efficient expression of the
GFP reporter gene from the CMV promoter. To examine
possible expression from unintegrated DNA, we engineered an
IN-inactivating [IN(�)] mutation (D64E) (9) into the CMV-
EGFP version of the vector (Fig. 2B). Infection with the IN(�)
vector did not produce detectable GFP expression in HeLa
cells, as determined by microscopy or by FACS analysis, indi-
cating that integration was required for efficient GFP expres-
sion (data not shown). Therefore, in the experiments described
below, we interpret GFP expression as indicative of completion
of all early events: reverse transcription, nuclear entry, and
integration of viral DNA (i.e., transduction of the GFP report-
er). We note that reporter expression from the CMV-EGFP
construct does not require that the ASV LTRs be transcrip-
tionally active. In this study we have focused on CMV-driven
GFP expression, and it is possible that in natural infections, the
LTR-driven transcription might be influenced by cell cycle or
the host integration site.

ASV transduces cells arrested with nocodazole. The DNA
import that we observed in arrested cells (Fig. 1) is consistent
with the early studies by Humphries and coworkers (20), which
indicated that ASV DNA could be integrated in synchronized
chicken cells prior to mitosis. As a further test of this inter-
pretation, we performed a similar infection with synchronized
cells. Chicken DF-1 cells were arrested in G1/S by treatment
for 24 h with hydroxyurea (DNA content profile not shown).
The cells were then released by removal of hydroxyurea and
subsequently infected with the ASV-GFP vector in the pres-
ence of nocodazole to prevent passage through M phase. Ar-
rest at M phase was confirmed by cell sorting for DNA content
(Fig. 3). Thirty-six hours after infection, approximately 50% of
the nocodazole-treated cells expressed GFP, indicating that
efficient integration and expression could occur in the absence
of cytokinesis (Fig. 3). Although these cells were arrested ef-
ficiently, the morphology of those that remained attached to
the dish was distinct from the characteristically round, highly
refractile mitotic cells. In certain genetic backgrounds, pro-
longed exposure to mitotic inhibitors can result in chromo-
some decondensation and resumption of DNA synthesis in the

FIG. 2. Maps of viruses ASVA-GFP (A) and ASVA-CMVEGFP (B). Arrows indicate GFP expression from spliced RNA or CMV-EGFP
cassette. LTRs are indicated by boxes. WT, wild type.

VOL. 76, 2002 TRANSDUCTION OF INTERPHASE CELLS BY ASV 5425



absence of cytokinesis (7). Consistent with this possibility, we
observed a peak corresponding to 8N DNA content or more
after only 24 h of nocodazole exposure (Fig. 3). We also found
that cells exposed to nocodazole continuously for 24 h prein-
fection through 36 h postinfection were readily transduced by
the ASV-GFP vector (data not shown). As nocodazole affects
microtubule dynamics and does not prevent nuclear membrane
breakdown, this experiment cannot provide evidence for pore-
mediated nuclear import of ASV DNA. However, the results
do indicate that microtubule dynamics or cytokinesis is not
required for efficient transduction by ASV.

Hydroxyurea inhibits transduction by ASV. Hydroxyurea
inhibits ribonucleotide reductase, resulting in a depletion of

deoxyribonucleotide precursors and cell cycle arrest at G1/S.
To test for a requirement for S phase we arrested chicken DF-1
cells at G1/S with hydroxyurea. We observed that the hydroxy-
urea-arrested DF-1 cells were highly resistant to transduction
with the ASV-GFP vector (Fig. 3), as expected (47), although
rare GFP-positive cells could be detected. In separate experi-
ments, we found that reverse transcription was highly compro-
mised in hydroxyurea-treated cells, as measured 16 to 24 h
postinfection by PCR (data not shown). The reduction in de-
oxyribonucleotide pool size by hydroxyurea treatment is
thought to adversely affect retroviral reverse transcription (15,
16, 33, 35). Thus, the severe reduction in the number of GFP-
positive cells observed after treatment with hydroxyurea is

FIG. 3. Infection of nocodazole- and hydroxyurea-arrested cells with ASV. (A) Cell cycle profiles of dividing and nocodazole-arrested DF-1
cells obtained after 24 h of treatment (from a separate experiment). (B) DF-1 cells were synchronized by 24 h of treatment with hydroxyurea (HU)
and infected with ASVA-GFP in the presence of nocodazole. Cells were maintained in nocodazole (NZ) for an additional 36 h, at which time
micrographs were taken. DF-1 cells were arrested with HU for 24 h, infected for 2 h, and maintained in HU for 48 h. Results with control dividing
cultures are also shown. Shown are phase-contrast (left) and fluorescence (right) micrographs of dividing and arrested cells 48 h postinfection.
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likely due, in large part, to inhibition of reverse transcription.
If hydroxyurea was removed 5 h postinfection, the number of
GFP-expressing cells was similar to that observed with dividing
cells. However, efficient transduction was not observed if cells
were released after longer hydroxyurea treatment (data not
shown). These observations suggest that the incoming ASV
subviral complex is labile if the cellular environment does not
support efficient reverse transcription.

Due to the severe effects of hydroxyurea on reverse tran-
scription, nuclear import could not be assayed in cells arrested
in G1/S by this method. A small amount of the LTR junction
species could be detected after infection of hydroxyurea-ar-
rested cells (data not shown); however, it cannot be deter-
mined if these LTR junctions were formed in rare arrested
cells in which reverse transcription was completed or in rare
cells that escaped cell cycle arrest. In any case, these results
indicate that efficient transduction of the GFP reporter by the
ASV vector requires reverse transcription and cannot be as-
cribed to artifactual pseudotransduction, mediated by in-
coming viral RNA. These results also show that ASV reverse
transcription or some other step is likely sensitive to deoxyri-
bonucleotide pool levels and that deficiencies in the concen-
tration of these substrates can restrict transduction.

Aphidicolin-arrested cells are transduced by ASV. Because
cells arrested with hydroxyurea did not support efficient re-
verse transcription, we used a second inhibitor, aphidicolin,
which also causes arrest at G1/S. DF-1 cells were treated with
aphidicolin, and the expected cell cycle arrest was observed
(Fig. 4A). Forty-eight hours postinfection, GFP expression was
observed with an efficiency of about 30% of that of dividing
cells (Fig. 4B). This relative efficiency was observed over a wide
multiplicity of infection range among the triplicate experi-
ments. This dose-response relationship indicates that the ex-
perimental design allows a suitable quantitation of the relative
infectibility of these cycling and arrested cells. These results
further support an active DNA import mechanism during in-
terphase.

Mitomycin C-arrested cells are transduced by ASV. Mito-
mycin C is a DNA-damaging agent routinely used to prepare
cell feeder layers (34). Cells are treated briefly with mitomycin
C and by 48 h, cell cycle arrest is uniform and permanent
(typically in G2). DF-1 cells were treated with mitomycin C for
0.5 h, cultured for 48 h, and then infected with the ASVA-
CMVEGFP vector (Fig. 2). As illustrated in Fig. 5 (top panels)
GFP expression was observed in more than 50% of the ar-
rested cells at 36 to 48 h postinfection. Similar results were
obtained with mitomycin C-arrested HeLa cells (data not
shown).

To test the unlikely possibility that infected cells arose via
escape from mitomycin C arrest under the conditions we used,
we followed infection of individual cells. DF-1 cells were plated
under dilute conditions, and 3 h postplating, the cells were
treated with mitomycin C for 0.5 h and then cultured for 48 h
prior to infection. Some cells underwent a final division within
48 h of treatment (as expected), prior to infection, but did not
divide subsequently, as we observed a maximum of two cells
per colony. As shown in Fig. 5 (bottom panels) single GFP-
expressing cells were observed that had not divided prior to or
subsequent to infection. These results confirm that ASV trans-
duction can occur independent of mitosis.

We also measured virus production from mitomycin C-ar-
rested DF-1 cells. A culture dish of transduced (GFP-express-
ing), arrested DF-1 cells was assayed for virus production by
transferring undiluted supernatants to cycling HeLa cell cul-
tures and scoring for transduction of the GFP reporter. As we
could not detect any infected HeLa target cells, we estimate
that virus production from mitomycin C-treated DF-1 cells is
reduced by at least 5 logs compared to dividing DF-1 cells
(data not shown). Taken together, our results are consistent
with earlier observations that efficient ASV integration is mi-
tosis independent but virus production is mitosis dependent
(20). We note that in the transduced, arrested cells, the GFP
reporter is expressed from the CMV immediate-early pro-
moter, while virus production requires activity of the LTR. It is
possible that viral gene expression from the LTR is cell cycle
restricted in these arrested cells or that some other postint-
egration step is limited. As mitomycin C arrest is irreversible,
further studies with reversible inhibitors will be required to
rigorously test the requirement for mitosis for virus produc-
tion.

HeLa cells arrested in G2 are transduced efficiently by ASV.
The data summarized in Fig. 1 indicate that G2-arrested HeLa
cells could support reverse transcription and active ASV DNA
nuclear import. However, because the viral LTR junction-
containing DNA molecules which are indicators of nuclear
entry are dead-end products with respect to integration, it was
important to verify that biologically active DNA is also im-
ported into the nucleus. Accordingly, we infected G2-arrested
(�-irradiated) HeLa cells with the ASV vector (RCASA-
CMVEGFP) under arrest conditions identical to those previ-
ously described for HIV-1 (29) (as in Fig. 1). As shown in Fig.
6, we observed efficient expression of GFP (�70%) in cycling
HeLa cells, indicating that the amphotropic pseudotyped ASV
vector can integrate efficiently and transduce cycling human
cells, as expected. We also observed highly efficient transduc-
tion of the G2-arrested HeLa cells (ca. 50% of the efficiency
observed with cycling cells). These results indicate that G2-
arrested HeLa cells can support all early steps in ASV infec-
tion, including active nuclear import and integration of viral
DNA.

Evidence for active nuclear import of ASV DNA during
interphase in dividing cells. The studies described above show
that ASV DNA is efficiently imported into nuclei of cycle-
arrested cells compared to dividing cells and that cycle-ar-
rested cells could be transduced. To determine if active nuclear
import also occurs in dividing cells, we prepared synchronized
cells that could be monitored for GFP expression in relation to
M phase. Monodispersed, M-phase HeLa cells were prepared
by mitotic shake-off from nocodazole-treated cultures. The
cells were confirmed to be ca. 90% 4N DNA content by FACS
analysis (data not shown). These cells were plated under dilute
conditions and were allowed to attach to the culture dish. By
3 h postplating, 70 to 90% of the single mitotic cells had
entered G1, as indicated by the appearance of cell doublets
(two adjacent nucleated cells). A subset of these cell doublets
(ca. 100) was marked for later identification. The cultures were
then infected with the ASV vector and observed for GFP
expression 20 to 48 h postinfection. As shown in Fig. 7, GFP
expression could be observed in cell doublets prior to further
division. In such cells, import of viral DNA into the nucleus
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FIG. 4. Infection of aphidicolin-arrested cells with ASV. (A) Cell cycle profiles of dividing and aphidicolin (5 �g/ml)-treated DF-1 cells. In the
top panels, DF-1 cells were pretreated with aphidicolin for 24 h prior to infection with ASVA-CMVEGFP (preinfection profile). The bottom
panels show the cell cycle profile of aphidicolin-treated cells 48 h postinfection (72 h total exposure). (B) Transduction of aphidicolin-arrested cells
relative to dividing cells 48 h postinfection. GFP-expressing cells were measured by FACS analysis. Results at each concentration of aphidicolin
were averaged from three separate experiments, and the standard deviation (error bar) is shown.
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must have taken place during interphase, i.e., prior to the next
mitosis. Subsequent analyses of GFP expression during colony
outgrowth confirmed that integration had occurred during in-
terphase (R. A. Katz et al., unpublished data). The results
presented here suggest that all early steps in ASV replication
cycle can be completed during interphase in dividing cells. We
note that although the design of experiments described in Fig.
7 provides qualitative evidence for transduction during inter-
phase, the results are not readily quantifiable. However, addi-
tional experimental results indicate that the ASV DNA nuclear
import and integration can occur efficiently during interphase
in cycling cells (Katz et al., unpublished data).

ASV transduction of postmitotic neurons. The results de-
scribed above establish that ASV DNA is imported into nuclei
of both cycle-arrested and dividing cells during interphase. We

next asked if ASV could transduce naturally arrested, termi-
nally differentiated cells in culture. For these experiments, we
used mouse embryonic hippocampal neuron microexplants
(27) that are isolated between E14.5 and E16.5 during the
transition from neuroepithelial progenitor cells to differenti-
ated neurons. After establishing the explant, the neuroepithe-
lial cells immediately undergo a single division and then be-
come highly differentiated within 4 days. Cultures were
infected with the ASV vector on day 2, 5, or 14 postexplanta-
tion and then monitored for GFP expression 48 to 72 h postin-
fection. GFP expression was observed in ca. 5% of the ex-
planted cells infected on day 2 postexplantation, with only a
slight reduction in those cultures infected on days 5 and 14. We
consider this level of transduction to be efficient, as we typically
observed ca. 20% infection of dividing NIH 3T3 cells under

FIG. 5. Infection of mitomycin C-arrested DF-1 cells with ASV. In the top panels, DF-1 cells were treated with mitomycin C for 0.5 h. After
48 h, cells were infected with ASVA-CMVEGFP and examined for GFP expression 48 h postinfection. Phase-contrast (left) and fluorescence
(right) images (GFP) are shown. The bottom panels are the same as the top panels, except that DF-1 cells were monodispersed prior to mitomycin
C treatment such that infection of individual cells could be observed. Shown is an arrested premitotic cell expressing GFP.
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similar conditions (data not shown). A large proportion of the
GFP-expressing cells had distinct neuronal morphology (Fig.
8). As there is no detectable division of differentiated neurons
in explants cultured for 5 and 14 days, we interpret our results
to mean that all early steps of ASV replication, including viral

DNA nuclear entry and integration, can occur in these differ-
entiated neurons. Other results indicate that detectable trans-
duction of neurons with an MuLV-GFP vector is observed only
if explants are infected on day 2 postexplantation, at which
time division of progenitor cells occurs (data not shown).

DISCUSSION

It has been observed widely that productive infection and/or
transduction by oncoretroviruses (e.g., MuLV and ASV) re-
quires host cell division. Both S phase (20) and mitosis (44)
have been implicated as being critical for propagation of these
viruses. It is proposed that late G1 or S phase provides a
supportive environment for efficient reverse transcription for
ASV (20) and MuLV (40), as well as HIV-1 (22–24), while
nuclear membrane breakdown during mitosis allows access to
host chromosomes for MuLV DNA integration (44). Early
studies suggested that reverse transcription and integration of
ASV could occur during S phase (20, 50) and that passage
through mitosis was required to activate the integrated viral
DNA for expression and particle production (20). In assessing
the role of the cell cycle in retroviral replication, there is an
important distinction between productive infection and trans-
duction. For the analysis of retroviral vectors, which are nor-
mally replication deficient, only the efficiency of transduction is
usually considered. Our results indicate that mitosis is not
essential for transduction by ASV; however, other aspects of
the cell cycle may be required for productive infection.

In the present study, two methods were used to assess the
requirement for mitosis for efficient nuclear entry and integra-
tion of ASV DNA. First, we show that nuclear forms of ASV
DNA (containing LTR junctions) can be detected in both
avian and mammalian cells that have been arrested by different

FIG. 6. Infection of �-irradiated (�-IR) HeLa cells with ASV. HeLa cells were arrested in G2 as described in Fig. 1 and were infected with
ASVA-CMVEGFP 24 h later. Shown are phase-contrast (left) and fluorescence (right) micrographs of dividing and arrested cells 48 h postin-
fection.

FIG. 7. Evidence for ASV DNA nuclear import during interphase
in dividing cells. HeLa cells were synchronized by mitotic shake-off.
Dilute mitotic cells completed cytokinesis, producing two-cell col-
onies. Three hours after plating, cultures were infected with ASVA-
CMVEGFP for 2 h. Cells were observed for GFP expression over the
next 24 to 36 h. Phase-contrast (left) and fluorescence (right) images
(GFP) are shown. Two fields are shown. The two-cell colony in the
lower panel was marked prior to infection.
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methods to prevent mitosis. The amounts of these nuclear
forms in arrested cells are comparable to those in dividing cells
(Fig. 1). The relatively high levels of DNA import, compared
to cycling cells, argues against passive import of the viral DNA
into the nucleus. Similarly, it is unlikely that a subpopulation of
dividing cells could account for these results; this is especially
true for �-irradiated HeLa cells in which G2 arrest is typically
uniform (Fig. 1C). These results suggest that ASV uses an
active nuclear import mechanism, likely via the nuclear pore.
We were also able to detect a lesser amount of MuLV DNA in
the nuclei of �-irradiated HeLa cells, suggesting that it may
also be imported actively, albeit at a lower efficiency than ASV.
The second method that we used to monitor nuclear import of
ASV DNA was through transduction of a GFP reporter. Effi-
cient GFP expression was detected in cells arrested with �-ir-
radiation, nocodazole, mitomycin C, or aphidicolin (Fig. 3
through 6). We also monitored GFP reporter gene expression
in individual arrested cells to rule out the possibility that ASV-
mediated transduction was the result of leaky cell division (Fig.
5). As GFP expression was not observed after infection with an
IN-deficient vector, we conclude that reporter expression re-
quires integration in this system. Long-term expression (ca. 2
weeks) of GFP in mitomycin C-arrested cells also indicated
that integration had likely occurred in arrested cells (data not
shown).

Although mitomycin C-arrested chicken DF-1 cells could be
transduced by ASV (as indicated by expression of the CMV-

driven GFP reporter), these cells were unable to support de-
tectable release of infectious particles. The mechanism of this
restriction remains to be investigated but is consistent with the
earlier report indicating that passage through mitosis was re-
quired for productive infection (20).

HIV-1 can transduce (and productively infect) certain non-
dividing cells. HIV-1 encodes multiple determinants that me-
diate active nuclear import of the viral DNA (8, 13), and it is
believed that this allows HIV-1 to bypass the requirement for
mitosis in nondividing cells. However, cell-cycle-specific com-
ponents (2, 22–24, 39, 46, 52, 53) likely play an important role
in the efficiency of HIV reverse transcription (and possibly
integration). Notably, HIV-1 nuclear import determinants ap-
pear to be necessary but not sufficient for infection of all
nondividing cells (11). For example, HIV-1 reverse transcrip-
tion is compromised in quiescent (G0) T cells, likely due in part
to the limitations in deoxyribonucleotide precursor pools and
the transition to late G1 is required for completion of reverse
transcription (24). Increasing the efficiency of reverse tran-
scription in quiescent cells by boosting deoxyribonucleotide
pools appears to be insufficient for transduction, indicating
that other cell-cycle-specific components are limiting (23).
HIV-1 is able to transduce terminally differentiated (presum-
ably G0) cells such as neurons and macrophages; however,
deoxyribonucleotide pools (2) or cell activation (22), respec-
tively, can influence the efficiency of transduction. In contrast
to limitations in quiescent cells, HIV-1 can transduce efficiently

FIG. 8. Infection of mouse neurons with ASV. Hippocampal neuron explants were prepared from mouse embryos and infected with ASVA-
CMVEGFP on day 5 postexplantation. See Results and Materials and Methods for details. Phase-contrast (left) and fluorescence (right) images
(GFP) are shown. Arrows identify the cell body. Two fields are shown.
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cycle-arrested cells (e.g., G2-arrested HeLa cells) (4, 10, 29,
37). We note a similarity in that ASV reverse transcription was
initially shown to be blocked in quiescent cells (20), while here
we demonstrate efficient transduction of cycle-arrested cells. It
is possible that for both ASV and HIV-1, the ability to infect
terminally differentiated (G0) cells may be limited by threshold
levels of cellular components.

Our results indicate that ASV DNA import and integration
can occur during interphase and are not dependent on mitosis.
To prevent mitosis, cell cycle arrest was induced by �-irradia-
tion, mitomycin C, nocodazole, or aphidicolin. For successful
transduction in cycle-arrested cells, the cell cycle phase in
which the arrest occurs must be able to support early events
(reverse transcription, DNA import, and integration). As men-
tioned, cellular components enriched during S phase (e.g.,
deoxyribonucleotide precursors) are important to support ef-
ficient retroviral reverse transcription (15, 16, 22, 23, 33, 35).
Hydroxyurea treatment prevents entry into S phase by deplet-
ing deoxyribonucleotide precursor pools via inhibition of ribo-
nucleotide reductase (33). We observed that ASV reverse tran-
scription and transduction (Fig. 3) were highly compromised in
hydroxyurea-arrested cells, as expected. This observation is
therefore consistent with a dependency on S phase.

Aphidicolin also blocks entry into S phase by inhibiting
DNA polymerase �. However, when asynchronous cells are
treated, cells that are in S phase at the time of aphidicolin
addition are arrested within S phase (21). In such cells, deoxy-
ribonucleotide precursor levels are apparently preserved (42),
and thus cells in S phase at the time of arrest may be able to
support reverse transcription. Therefore, the ability of ASV to
transduce aphidicolin-arrested cells (Fig. 4) is not at odds with
a dependency on S phase. However, the efficiency of transduc-
tion of aphidicolin-arrested cells was reduced compared to that
of cycling cells (Fig. 4). Early studies (19) indicated that aphidi-
colin inhibited circularization of ASV DNA as well as DNA
integration, independently of cell cycle arrest. Recent studies
have shown that the nonhomologous-end-joining pathway may
be involved in the final repair of the retroviral integration
intermediate (9), as well as circularization of unintegrated lin-
ear viral DNA (32). Aphidicolin may inhibit the nonhomolo-
gous-end-joining pathway (41), which is required for efficient
retroviral transduction. Thus, it is possible that aphidicolin can
have direct effects on transduction efficiency by inhibiting
DNA repair at the integration site, although this remains to be
investigated.

Cells arrested in mitosis with the microtubule inhibitor no-
codazole could also support efficient transduction by ASV. The
ability to transduce nocodazole-arrested cells also does not
rule out a role for S phase, as DNA synthesis can reinitiate
without cytokinesis after long-term exposure to microtubule
inhibitors (Fig. 3) (7). We also observed that G2-arrested HeLa
cells could be transduced efficiently by ASV, indicating that
this cell cycle phase supported all early steps in viral replica-
tion, as is the case for HIV-1. It is possible that the required
S-phase components (e.g., deoxyribonucleotide precursors and
factors) remain in sufficient amounts to support transduction
of G2-arrested cells. Taken together, our results appear to rule
out a requirement for mitosis and support the idea that S phase
is important for early events in ASV DNA replication.

The requirement for mitosis was also analyzed by monitor-

ing ASV transduction (via GFP expression) in individual syn-
chronized cells in real time. Synchronized HeLa cells infected
during G1 were found to express GFP prior to mitosis, indi-
cating that active nuclear import can occur during interphase
in dividing cells (Fig. 7). These results again indicate that
nuclear import of ASV DNA is not limited to cells undergoing
mitosis; rather, our results suggest an active import process
whereby trafficking of the preintegration complex to the nu-
cleus is not temporally or physically restricted to mitosis in
dividing cells. As mitosis only comprises a small percentage of
the cell cycle (�10%), such a mitosis-independent pathway
would suggest a more efficient import process in dividing cells
than is generally believed to exist. However, we note that these
results do not exclude nuclear capture of ASV DNA after
mitosis.

Lastly, we measured transduction in terminally differenti-
ated cells that are withdrawn from the cell cycle (G0). We
observed that mouse hippocampal neuron explants could be
transduced efficiently by ASV (Fig. 8). Paradoxically, it was
previously shown that ASV reverse transcription is deficient in
quiescent chicken embryo fibroblasts arrested in G0 (14). It has
been generally believed that terminally differentiated cells can-
not reenter the cell cycle. Recent studies indicate that neurons
have the potential to reenter the cell cycle and that reentry into
S phase (without cytokinesis) is associated with neuronal cell
death (54). It is possible that a subset of explanted postmitotic
neurons maintain proliferative potential and that they are able
to support early events in ASV infection. Transduction of
neurons by HIV-1 vectors appears to be limited by deoxyribo-
nucleotide levels (2); the fresh embryonic neuron explants de-
scribed here may provide a threshold level to support ASV
reverse transcription.

The results presented here support the idea that ASV en-
codes determinants that mediate nuclear import of viral DNA.
A likely candidate for at least one of these determinants is the
ASV IN (25, 26). ASV IN encodes a functionally defined,
noncanonical NLS. Single amino acid substitutions in the NLS
cause a significant delay in viral replication without compro-
mising IN biochemical activity in vitro (26). Multiple substitu-
tions in the NLS are lethal for viral replication (unpublished
observations). Using a permeabilized-cell assay, we have par-
tially characterized the import pathway utilized by the ASV IN
NLS. The pathway involves the nuclear pore but is apparently
novel in terms of energy requirements and receptors (Andrake
et al., unpublished data). We are currently investigating wheth-
er this pathway is required for ASV transduction of arrested
cells. Recent studies indicate that amino acid substitutions in a
putative HIV-1 IN NLS affect HIV-1 (3).

The relative efficiencies of transduction by HIV-1-, MuLV-,
and ASV-based vectors were recently compared in aphidicolin-
arrested human cells (18). The transduction efficiency of the
ASV vector was found to be greater than that of the MuLV
vector. However, it is well-established that transduction by ASV
vectors in differentiated adult mouse tissues is inefficient; there-
fore, the utility of such vectors is thought to be limited (28).
The variables that influence ASV transduction in such tissues
are still unknown. It is important to consider that the efficiency
of transduction (as measured by reporter expression) is deter-
mined by the efficiency of a number of individual steps, includ-
ing reverse transcription, nuclear import, integration, reporter
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gene expression, and silencing of the integrated DNA. It has
been generally believed that the basis of observed transduction
differences between lentiviral (i.e., HIV-1) and oncoretroviral
(MuLV) vectors relates to nuclear import functions. Our re-
sults indicate that assumptions regarding a mitosis-dependent
import of ASV DNA are incorrect. We are currently investi-
gating the biochemical pathway of DNA import and the role of
the IN-NLS. Further study of the cell and tissue variables that
affect retroviral transduction efficiencies should provide in-
sights of significant value in the development and use of these
vectors for laboratory and possibly gene therapy purposes.
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