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Previous studies have suggested that Moloney murine leukemia virus (MoMLV)-based vectors pseudotyped
with the vesicular stomatitis virus G glycoprotein (VSV-G) have extensive ability to transduce nonmammalian
cells. However, we have identified multiple cell lines from fish (FHM), mosquitoes (Mos-55), moths (Sf9 and
High-5), flies (S2), and frogs (XPK2) that are not efficiently transduced by MoMLV-based vectors pseudotyped
with many different viral envelope proteins, including VSV-G, while the same vectors are functional in these
cells following transfection. A comparison of MoMLV-based vector transduction in mammalian and nonmam-
malian cells shows that the nonmammalian cells exhibit blocks at either entry, reverse transcription, or
integration. Additionally, VSV-G-pseudotyped MoMLV-based vector transduction is attenuated in the ze-
brafish cell line ZF4 at entry and/or reverse transcription, whereas other transduction processes are unaf-
fected. We show that the variation of transduction by MoMLV-based vectors in mammalian and nonmamma-
lian cells is not due to differences in culture conditions or cell division rate but is likely the result of divergence
in cellular factors required for retroviral transduction.

Several cellular factors are essential for infection by gam-
maretroviruses, a genus that includes murine leukemia viruses
(MLVs) and other simple retroviruses. Infected cells express
protein receptors which are needed for virus entry, as well as
nucleotides and actin filaments that are required for reverse
transcription (RT) (4, 10). Other proteins, such as barrier-to-
autointegration factor (BAF) and high-mobility group I/Y
(HMGI/Y) proteins, play a role in maintaining proviral DNA
prior to integration (21, 40) and facilitate integration of the
viral preintegration complex (PIC) (17, 23, 24), respectively.
During mitosis the viral PIC gains access to the nucleus, where
integration occurs (22), a process which is thought to be com-
pleted by cellular proteins (43). To better define the cellular
factors which mediate retroviral infection, we examined trans-
duction in cell types from organisms which are distantly related
to mammals. A genetic approach to studying the processes of
retroviral transduction may lead to the identification of cell
types that can be used to discover additional host factors re-
quired for retrovirus replication.

Retroviral vectors based on gammaretroviruses, particularly
those based on Moloney MLV (MoMLV), are useful for de-
livering heterologous DNA to many mammalian and avian cell
types. In addition, previous investigations have indicated that
MoMLV-based vectors pseudotyped with the G glycoprotein
from vesicular stomatitis virus (VSV-G) can mediate gene
transfer in cells from fish (5, 25), newts (6), mosquitoes (26),
moths (13), and frogs (7). Since these initial studies, subse-
quent work has been done only with zebrafish, with which
MoMLV-based vectors have been used for insertional mu-

tagenesis in embryos (14). Aside from the work with fish, most
studies of retroviral transduction in the other nonmammalian
cells used nonquantitative PCR to detect integration events,
and therefore gene transfer efficiency was not measured (6, 7,
13, 26). In addition, mainly VSV-G-pseudotyped MoMLV-
based vectors have been evaluated for transduction of non-
mammalian cells, whereas almost nothing is known about the
expression and functionality of receptors for naturally occur-
ring retrovirus envelope glycoproteins in these cell types.

As part of a study to investigate factors involved in receptor-
mediated retrovirus entry into cells, we evaluated the suscep-
tibilities of several nonmammalian cell lines to MoMLV-based
vectors pseudotyped with various viral envelope proteins, in-
cluding VSV-G. We were surprised to find that several cell
types were not transduced by VSV-G-pseudotyped MoMLV-
based vectors, which prompted us to further investigate the
behavior of these vectors in nonmammalian cells. By compar-
ing the early steps of retrovirus transduction in canine D17
cells to those in cells from lower-order organisms, we showed
that the processes of virus entry, RT, and integration differ
between the cell types tested. Most notably, we have observed
that mammalian cells are permissive to VSV-G-pseudotyped
MoMLV-based vectors, whereas several nonmammalian cells
have one or more blocks to transduction by these viruses.

Phosphatidyl serine is thought to be the receptor for VSV-
G-mediated virus entry (35, 36). Challenging cells with both
VSV-G-pseudotyped retroviral vectors and a recombinant
form of VSV that expresses gfp allowed us to evaluate the
relative levels of receptor expression in the different cell types.
Here we show that the VSV-G envelope poorly facilitates entry
of MoMLV-based vectors or VSV cores into most nonmam-
malian cells in comparison to mammalian cells. Furthermore,
several nonmammalian cells which were permissive to virus
entry could not support MoMLV-based transduction. Varia-
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tion in culture conditions did not explain the discrepancy of
MoMLV-based transduction observed in the different cells,
but rather the results of this study suggest that innate differ-
ences between the cell types dictate transduction efficiency.
These findings have important implications for identifying cel-
lular factors involved in retroviral transduction, as well as for
using retroviral vectors to introduce heterologous DNA se-
quences into nonmammalian model organisms.

MATERIALS AND METHODS

Cell lines and cell culture. Anopheles gambiae (Mos-55) (26), Brachydanio rerio
(ZF4, ATCC CRL-2050), and Pimephales promelas (FHM, ATCC CCL-42) cells
(kind gifts of Jane Burns, University of California at San Diego, La Jolla) were
maintained at 26°C in Leibovitz’s L-15 medium supplemented with 10% fetal
bovine serum (FBS), penicillin, and streptomycin. Xenopus laevis (XPK2) cells
derived from adult tissue (kind gift of Ron Reeder, Fred Hutchinson Cancer
Research Center, Seattle, Wash.) were maintained at 26°C in 42% L-15 medi-
um–43% water–15% FBS with L-glutamine, penicillin, and streptomycin. Spo-
doptera frugiperda cells (Sf9; Invitrogen) were maintained at 26°C in TNM-FH
medium (Sigma) supplemented with 10% FBS. Trichoplusia ni cells (High-5;
Invitrogen) and Schneider’s Drosophila melanogaster cells (S2; ATCC CRL-
1963) (kind gift from Keith Fournier, Fred Hutchinson Cancer Research Center)
were maintained at 26°C in Excell 400 with L-glutamine (JRH Biosciences). All
nonmammalian cells were grown in air without supplemental CO2.

Canine D17 osteosarcoma cells (ATCC CCL-183), adenovirus 5-transformed
human embryonal kidney 293 cells (ATCC CRL-1573.1), human HT-1080 cells
(ATCC CCL-121), and all retrovirus packaging cells were maintained at 37°C in
Dulbecco’s minimal essential medium (DMEM) with a high concentration of
glucose (4.5 g/liter) supplemented with 10% FBS, penicillin, and streptomycin.
Cells were grown in a 5% CO2–air atmosphere.

FHM and D17 cells were adapted to grow at 33°C in a 3% CO2–air atmo-
sphere. The cells were first grown to 60% confluence in 25-ml flasks in their
normal culture environment (see above). Once the FHM cells reached 60%
confluence, the medium was changed to 30% conditioned medium from FHM
cells and 70% fresh DMEM supplemented with 10% FBS, penicillin, and strep-
tomycin. The FHM cells were then passaged two times at 28°C in a 5% CO2–air
atmosphere prior to being transferred to 33°C in a 3% CO2–air atmosphere. D17
cells which reached 60% confluence in a 25-ml flask were transferred to an
incubator to grow at 33°C in a 3% CO2–air atmosphere. Both cell types were
maintained in DMEM in the new culture environment for several weeks before
they were used for infection assays.

Retroviral vectors. The retroviral vector LNCZ contains a neomycin phospho-
transferase (neo) gene under the control of the MoMLV long terminal repeat
(LTR) and lacZ under the control of a cytomegalovirus (CMV) immediate-early
promoter. The retroviral vector LNCG is identical to LNCZ but contains egfp,
which encodes the enhanced green fluorescent protein (GFP) (Clontech), under
the control of the CMV promoter. The plasmid constructs pLNCZ and pLNCG
were made by inserting either lacZ or egfp into the cloning site of pLNCX (30).

Transfection assay for gene transfer and expression from pLNCZ or pLNCG.
One day prior to transfection, the cells were plated in six-well dishes at 106

(Mos-55), 2 3 105 (S2, High-5, and Sf9), or 105 (ZF4, FHM, and XPK2) cells per
well. Mos-55, S2, ZF4, and FHM cells were transfected with 10 mg of either
pLNCZ or pLNCG by using calcium phosphate coprecipitation (9). XPK2 cells
were transfected with 10 mg of either plasmid using Lipofectin by following the
manufacturer’s protocol (Life Technologies). High-5 and Sf9 cells were trans-
fected with 4 mg of pLNCZ by using Insectin Plus according to the manufactur-
er’s protocol (Invitrogen). Expression of b-galactosidase was determined 3 days
after transfection by fixing cells with 0.5% glutaraldehyde, washing cells three
times with phosphate-buffered saline (PBS), and staining for b-galactosidase
activity with X-Gal staining solution [8 mM K3Fe(CN)6, 8 mM K4Fe(CN)6 z

3H2O, 2 mM MgCl2, 0.4 mg of X-Gal (5-bromo-4-chloro-3-indolyl-b-D-galacto-
pyranoside) per ml].

Virus production. Different packaging lines that all contained the MoMLV gag
and pol genes were used to produce the LNCZ vector with envelopes from
amphotropic MLV or gibbon ape leukemia virus (GALV) or to produce the
LNCG vector with envelopes from Mus dunni endogenous virus (MDEV), 10A1
virus, or RD114 virus. The LNCZ(amphotropic) and LNCZ(GALV) viruses
were produced by transducing the PA317 (27) and PG13 (29) packaging lines,
respectively, with LNCZ(ecotropic)- virus-containing medium, which was col-
lected 1 day after the transfection of PE501 (30) packaging cells with pLNCZ.

The LNCG(MDEV) and LNCG(10A1) viruses were produced by transducing
the PD223 (42) and PT67 (28) packaging lines, respectively, with LNCG(eco-
tropic)-virus-containing medium, which was collected 1 day after the transfection
of PE501 packaging cells with pLNCG. The LNCG(RD114) viruses were pro-
duced by transducing the FLYRD (11) packaging lines with LNCG(ampho-
tropic)-virus-containing medium which was collected 1 day after the transfection
of PA317 packaging cells with pLNCG. All transductions were done in the
presence of 4 mg of Polybrene per ml. After 24 h, packaging lines containing
LNCZ or LNCG were selected in 700 mg of G418 (active concentration) per ml
for 7 to 10 days. Virus-containing media were collected from confluent dishes of
vector-producing packaging cells and filtered through a 0.45-mm-pore-size filter.
All virus stocks were stored at 270°C.

LNCZ was pseudotyped with the VSV-G glycoprotein by calcium phosphate
cotransfection of 293 cells at 50% confluence in a 15-cm dish with 5 mg of
pVSV-G, 10 mg of pJK3, 2 mg of pCMVtat, and 15 mg of pLNCZ per dish (2).
pVSV-G encodes the G protein, and pJK3 contains MoMLV gag and pol under
the control of the human immunodeficiency virus type 1 (HIV-1) LTR promoter
(2). pCMVtat encodes the HIV-1 Tat protein, which is necessary for transacti-
vation of the HIV-1 LTR promoter of pJK3 (2). Fifteen hours posttransfection,
fresh medium was added to the cells, and virus-containing medium was collected
every 12 h and filtered. Virus stocks were stored at 270°C. Virus titers were
determined by exposing D17 cells to different amounts of virus, staining the cells
for b-galactosidase, as described above, and scoring b-galactosidase-positive foci
2 days after virus exposure.

Infection of cells with different pseudotypes of LNCZ or LNCG. Virus titers
were determined by seeding cells in six-well plates at the following densities: 105

cells/well for D17 and HT-1080 cells; 5 3 105 cells/well for ZF4, FHM, XPK2,
High-5, and Sf9 cells; and 106 cells/well for Mos-55 cells. After 24 h, the medium
was changed to fresh medium containing 4 mg of Polybrene per ml and then the
cells were inoculated with different dilutions of virus. Infected cells were incu-
bated in their normal culture environment for 3 days. Afterwards, cells receiving
MoMLV-based LNCZ vectors were washed once in PBS, fixed for 5 min in 0.5%
glutaraldehyde, rinsed three times with PBS, and stained overnight at 37°C for
b-galactosidase activity. Cells inoculated with virus having the LNCG vector
were observed under a fluorescence microscope, and GFP1 foci were scored.

Production of LNCZ(VSV-G) for quantitative PCR. LNCZ(VSV-G) was pro-
duced from a monoclonal population of 293 cells containing one copy of pLNCZ
known to have the XbaI site only in the 39 LTR. To generate these cells, 293 cells
were transfected with 5 mg of pLNCZ using the calcium phosphate method and
were subsequently selected in 700 mg of G418 (active concentration) per ml for
10 days. Clonal populations were first screened for b-galactosidase activity and
then by Southern analysis for the presence of the XbaI site in the 39 LTR of the
vector. Clone 12 (293/LNCZ-c12) had the desired properties and was transfected
with pVSV-G, pJK3, and pCMVtat for production of LNCZ(VSV-G) as de-
scribed above. Virus titers were determined by exposing D17 cells to different
amounts of virus and scoring positive foci of cells expressing the marker proteins.

Quantification of RT products. One day before infection, cells were plated in
six-well dishes at 105 (D17, ZF4, XPK2, and FHM) or 106 (Mos-55) cells per
well. Cells were exposed to LNCZ(VSV-G) at a multiplicity of infection (MOI)
of 0.03. All infections were done in the presence of 4 mg of Polybrene per ml,
whereas mock-infected cells received medium containing Polybrene only. Eigh-
teen hours postinfection, the cells were trypsinized, collected, and rinsed in PBS.
Fractions containing Hirt DNA and genomic DNA were obtained using the Hirt
extraction method (18). Hirt DNA was resuspended in 25 ml of water, and 2 ml
was used for PCR amplification in a total reaction volume of 100 ml. Hirt DNA
was amplified for 35 rounds using primers U3a (59 AGTTCAGATCAAGGTC
AGG39) and PSIa (59TTAGGGTGTACAAAGGGC39). For competitive PCR,
Hirt DNA was amplified in the presence of 0, 0.1, 1, 10, 100, or 1,000 copies of
a competitor (pLNCZ). Ten microliters of product from each PCR was digested
with 5 U of XbaI at 37°C for 2 h. Samples were analyzed by gel electrophoresis
on 1% agarose and were transferred to nylon membranes (Hybond-N; Amer-
sham) for Southern analysis. Membranes were probed with a 677-bp Asp718-to-
BstEII fragment of the LNCZ vector, which was purified with the QiaexII DNA
purification kit (Qiagen). The 677-bp fragment hybridizes to R and U5 of the
LTR, as well as to a portion of the packaging signal within the LNCZ vector.

Doubling times of cells. All cell types were plated and cultured under the same
conditions as were used for infection. Cells were seeded in six-well plates at the
following densities: 105 cells/well for D17 and HT1080 cells; 5 3 105 cells/well for
ZF4, FHM, XPK2, High-5, and Sf9 cells; and 106 cells/well for Mos-55 cells. Cells
were trypsinized and counted every 24 h for 4 days. Doubling times were deter-
mined between days 2 and 4, the times during which the cells were exposed to
virus in other experiments.

6376 DIRKS AND MILLER J. VIROL.



Exogenous RT assays. Each reaction mixture contained 250 ml of RT cocktail
{50 mM Tris (pH 7.8), 60 mM NaCl, 2 mM dithiothreitol, 0.6 mM MnCl2, 0.05%
NP-40, 10 mM dTTP, 12.5 mg of poly(A)(dTTP)10 (Sigma), and 2 ml of 800-mCi/
mol [32P]dTTP in a final volume of 1,000 ml}. Two hundred fifty microliters of
cocktail was combined with 5 ml of LNCG(RD114), which had a titer of 105

focus-forming units (FFU)/ml in HT-1080 cells, or filtered conditioned medium
from HT-1080 cells, the parental cell line used to make the LNCG(RD114)
packaging cells. Reaction mixtures were incubated in water baths at 37 or 26°C.
Three 10-ml samples from each reaction mixture were taken every 15 min,
blotted onto DE-81 paper, and dried for 5 min at room temperature. Blots were
washed four times at room temperature in saline sodium citrate for 5 min
followed by two 5-min washes in 95% ethanol. Blots were dried and suspended
in scintillation fluid for determining [32P]dTTP incorporation.

Endogenous RT assays. Ten microliters of LNCG(RD114) or conditioned
medium from the FLYRD packaging line was added to a 60-ml reaction mixture
containing 50 mM Tris(pH 8.3), 15 mM dithiothreitol, 7 mM magnesium acetate,
0.01% NP-40, and 8 mM (each) dTTP, dATP, dGTP, and dCTP. Samples were
incubated for 20 h, and aliquots were stored at 220°C until used for PCR
amplification. Samples were amplified with primers PSIa and U3a (described
above) in the presence of a pLNCZ competitor ranging from 102 to 107 mole-
cules and pUC18 for a final DNA concentration of 1 pg/ml. Fifteen microliters of
each sample was analyzed by 1% agarose gel electrophoresis and ethidium
bromide staining.

RESULTS

The CMV immediate-early promoter and either b-galacto-
sidase or GFP reporters work best to measure transduction in
nonmammalian cells. We assayed b-galactosidase, human pla-
cental alkaline phosphatase (AP), and GFP expression from
several promoters to determine the best promoter and re-

porter proteins for use in the nonmammalian cells used in this
study. Sf9, S2, and High-5 cells were transfected with expres-
sion constructs containing either LacZ or AP cDNA under the
control of one of the following promoters: the CMV promoter,
the Drosophila armadillo promoter (Arm), or the MoMLV
LTR promoter. FHM, ZF4, Mos-55, and XPK2 cells were
transfected with the same constructs except those containing
the Arm promoter. Reporter expression was evaluated 3 days
posttransfection by staining cells for b-galactosidase or AP
activity. We found that the MoMLV LTR promoter functioned
only in the FHM cells, whereas the CMV promoter drove the
expression of b-galactosidase in all cell types tested. The Arm
promoter also worked in a few cell lines (Sf9, S2, and High-5),
but the marker gene activity in most cells was higher with the
CMV promoter (data not shown).

Some cell lines (XPK2, ZF4, High-5, Sf9, and S2) had rel-
atively high levels of endogenous, heat-resistant AP activity
that masked detection of activity from the transferred AP gene.
Since all cells transfected with the b-galactosidase marker were
easy to score, we constructed a new retroviral vector (LNCZ)
that contained lacZ under the control of the CMV promoter
(Fig. 1). Expression of the reporter from both pLNCZ and a
similar plasmid encoding GFP (pLNCG) was subsequently
tested in most of the cell types used in this study (Fig. 1; Table
1). Bright foci were seen in all of the cell lines transfected with
either plasmid, although some cell lines had fewer foci than

FIG. 1. Diagram of MoMLV based retroviral vectors. Both LNCG and LNCZ contain retroviral LTRs, which drive the expression of the
neomycin phosphotransferase (neo) gene and contain the polyadenylation signal (pA). The CMV promoter drives the expression of lacZ and gfp
in LNCZ and LNCG, respectively.

TABLE 1. Most nonmammalian cells tested were resistant to transduction by MoMLV-based vectors but susceptible to
transfection by vector plasmids

Cell line

Transfection by
plasmida Transduction by vectorb: Infection by

VSV-GFPb

pLNCZ pLNCG LNCG(10A1) LNCZ(amphotropic) LNCZ(GALV) LNCG(MDEV) LNCG(RD114) LNCZ(VSV-G)

High-5 11 ND ,2 ,1 ,1 ,2 ,2 ,10 NA
SF9 11 ND ,2 ,1 ,1 ,2 ,2 ,10 NA
S2 1 ND ,2 ,1 ,1 ,2 ,2 ,10 ND
XPK2 1 1 ,2 ,1 ,1 ,2 ,2 ,10 ,200
FHM 11 11 ,2 ,1 ,1 ,1 ND ,10 9 3 106

ZF4 1 1 ,2 ,1 2 3 103 ,1 1 3 104 5 3 104 7 3 104

Mos-55 111 111 ,2 ,1 ,1 ,1 ND ,10 2 3 109

D17 ND ND 1 3 105 1 3 105 1 3 105 ND ND 6 3 106 2 3 109

HT-1080 ND ND ND ND ND 1 3 104 1 3 106 ND ND

a Percentages of GFP- or b-galactosidase-positive cells were determined 2 to 4 days after transfection. Results are means of two experiments. 1, ,1% but .0%;
11, 1 to 10%; 111, .10%; ND, not done.

b Foci of GFP- or b-galactosidase-positive cells were counted 2 to 4 days after infection, and results are expressed as FFU per milliliter of virus added to the cells.
Results are means of two to four experiments. ND, not done; NA, not applicable (gfp expression was difficult to distinguish due to the autofluorescence of the cells).
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others, suggesting poor transfection efficiency (Table 1). These
results show that b-galactosidase and/or GFP reporters from
these vectors are expressed in all cell types tested, making
them good markers for the assay of retroviral transduction.

Of the nonmammalian cell lines tested, only one is trans-
duced by MoMLV-based vectors. To determine whether ret-
roviral vectors could transduce nonmammalian cells, we chal-
lenged the cells with LNCZ or LNCG vectors pseudotyped
with various viral envelopes that have relatively broad host
ranges in mammalian cell lines. The MoMLV-based vector
LNCZ was pseudotyped with either the amphotropic, GALV,
or VSV-G envelope, and LNCG was pseudotyped with either
the MLV 10A1, MDEV, or RD114 envelope. Nonmammalian
cells were infected at MOIs ranging from 0.1 to 100, and titers
were compared to those found with mammalian D17 and HT-
1080 cells (Table 1).

All of the cells tested were resistant to transduction by the
MoMLV-based vectors except for the ZF4 cells, which were
permissive to transduction by vectors pseudotyped with either

the GALV, RD114, or VSV-G envelope. However, these vi-
ruses consistently had lower titers in ZF4 cells than in D17 or
HT-1080 cells (Table 1).

Unlike ZF4 cells, the other nonmammalian cells were not
transduced by LNCZ or LNCG vectors pseudotyped with any
envelope. However, exposure of the Xenopus cell type XPK2 to
vectors having either the GALV or amphotropic pseudotypes
produced remarkable syncytium formation in the cell mono-
layer (Fig. 2). Several other viral envelopes did not have this
effect on XPK2 cells, suggesting that these cells specifically
express high levels of the Pit1 (32) and Pit2 (31) receptors for
GALV and the amphotropic virus, respectively. Despite the
presence of virus-induced syncytia in XPK2 cells, the cells were
not transduced by any vector pseudotyped with these two en-
velopes. The general lack of transduction by vectors having
pseudotypes with a broad host range, including the pantropic
VSV-G pseudotype, indicates that these cells may have blocks
to MoMLV-based transduction that occur subsequent to virus
entry.

FIG. 2. Syncytium formation in frog cells exposed to MoMLV-based vectors pseudotyped with either GALV or amphotropic envelope. XPK2
cells were treated with 4 mg of Polybrene per ml with no additions (A) or with 104 FFU of LNCZ(PG13) (B) or LNCZ(PA317) (C). Panel D shows
a syncytium with ;75 nuclei. Photos were taken 24 h after virus exposure.
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With the exception of XPK2 cells, all of the nonmammalian
cell types tested are susceptible to infection by recombinant
VSV. The lack of transduction by VSV-G-pseudotyped vectors
of so many nonmammalian cell types prompted us to investi-
gate whether the VSV receptor was expressed in these cells. To
address this we utilized a recombinant form of VSV which has
the gfp gene inserted between the G (glycoprotein) and L
(large subunit of RNA polymerase) genes of wild-type VSV.
The normal gene order of VSV is 39-N-P-M-G-L-59, with ex-
pression controlled at the level of transcription by the viral
RNA-dependent RNA polymerase (1, 21). VSV carries its
RNA polymerase into the cytoplasm of cells, where it subse-
quently transcribes the single-stranded RNA genome in the
absence of de novo protein synthesis. Because VSV replicates
in most cell types, the expression of GFP by recombinant VSV
(VSV-GFP) is a good marker for virus entry.

VSV-GFP could transduce all cells tested except XPK2 (Ta-
ble 1). Equivalent titers of VSV-GFP were observed in Mos-55
and D17 cells, but the titers in other cells were reduced by as
much as 7 orders of magnitude (Table 1). These data show that
all but one of the nonmammalian cell lines express functional
receptors for VSV-G and support the hypothesis that these
cells have postentry blocks to transduction by VSV-G-
pseudotyped MoMLV-based vectors.

Nonmammalian cells have less RT product than D17 cells
after infection with LNCZ(VSV-G). Although we observed en-
try of VSV-GFP in most of the nonmammalian cell types, it
was still uncertain whether retroviral vectors pseudotyped with
VSV-G could enter the cells. Detection of late products of RT
within infected cells can be used as a marker for retrovirus
entry (38). Strong-stop DNA is the first minus-strand DNA
made during RT and is commonly found within incoming viri-
ons. However, late RT products such as full-length minus- and
plus-strand DNAs are made only in newly infected cells.
Therefore, we designed a PCR protocol that specifically iden-
tifies full-length RT products in cells infected with LNCZ-
(VSV-G) as follows (Fig. 3).

During RT the U3 region of the 39 LTR is copied to the 59
LTR of the provirus DNA (15). The LNCZ vector contains an
XbaI restriction site in the 39 MoMLV LTR but not in the 59
Moloney murine sarcoma virus LTR (Fig. 3B). Strand transfer

steps which occur during RT of LNCZ produce a full-length
RT product with an XbaI restriction site in the U3 region of the
59 LTR (Fig. 3C). This site is distinguished from plasmid DNA
which lacks the XbaI site in the same region of the provirus
(Fig. 3A). Therefore, PCR amplification of this region fol-
lowed by digestion with XbaI allowed us to detect and quantify
the amount of RT product in cells infected with LNCZ
(VSV-G) (Fig. 4A).

Hirt DNA was obtained from cells infected with LNCZ
(VSV-G) produced from 293 cells containing a single nonre-
arranged LNCZ provirus. Hirt DNA was PCR amplified, di-
gested with XbaI, and subjected to Southern analysis. RT prod-
ucts were detected in all cells exposed to LNCZ(VSV-G) but
in amounts which were 100- to 1,000-fold lower than those
found in D17 cells (Fig. 4B). Using the same assay, viral stocks
were analyzed for full-length RT products but none were de-
tected (data not shown), indicating that all RT products were

FIG. 3. Schematic representation of the assay used to detect and
quantify RT products from infected cells. The packaging line contains
plasmid DNA from the transfection of 293 cells with pLNCZ. After
transcription of the pLNCZ vector, the viral RNA contains an XbaI
restriction site in the U3 region of the 39LTR. RT of the LNCZ vector
copies the XbaI restriction site to the 59LTR in the double-stranded
DNA. Small arrows depict the location of primers used to amplify RT
products and competitor plasmid DNA. The two products could be
distinguished by restriction analysis with XbaI followed by gel electro-
phoresis.

FIG. 4. Quantification of RT products in cells infected with LNCZ
(VSVG). (A) Analysis of D17 cells subjected to quantitative compet-
itive PCR followed by Southern analysis. Lanes: 1 and 2, undigested
PCR-amplified Hirt DNA from uninfected cells and cells infected with
LNCZ(VSVG), respectively; 3 to 8, samples of Hirt DNA from in-
fected cells which has been PCR amplified in the presence of 0, 0.1, 1,
10, 100, or 1,000 copies respectively, of competitor pLNCZ plasmid
followed by digestion with XbaI. (B) Relative percentages of RT prod-
ucts found in nonmammalian cells normalized to D17 cells. Percent-
ages are based on an average of two experiments. Variation between
experiments was ,5-fold.
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made after virion entry into cells. These data confirm that all
nonmammalian cells tested can support both entry and RT of
MoMLV-based vectors pseudotyped with VSV-G and that
blocks to transduction in these cells occur after these pro-
cesses. Furthermore, VSV-GFP infected Mos-55 and D17 cells
equivalently, but the amount of RT product in Mos-55 cells
infected with LNCZ(VSV-G) was 100-fold lower than the
amount of RT product found in D17 cells infected with an
equivalent MOI (Table 2; Fig. 4B). The VSV-G envelope pro-
motes efficient virus entry in both D17 and Mos-55 cells; there-
fore, the difference between transduction with LNCZ(VSV-G)
and infection with VSV-GFP in these two cell types is likely
due to an inhibition which occurs before or during RT and
prior to integration but is not a block at virus entry.

The temperature at which nonmammalian cells are grown
does not influence the RDDP activity of MoMLV reverse tran-
scriptase in vitro. To investigate the postentry attenuation
to RT in the nonmammalian cells, we determined whether
culture temperatures could account for the low levels of RT
products found in these cells. Therefore, we examined the
RNA-dependent DNA polymerase (RDDP) activity of
MoMLV reverse transcriptase at two different temperatures at
which nonmammalian and D17 cells are grown, 26 and 37°C,
respectively. Exogenous RDDP assays were performed using
medium containing LNCG(RD114) as a source of MoMLV
reverse transcriptase. Background activity was assessed with
conditioned medium from HT-1080 cells, the parental cell type
used to produce the FLYRD retrovirus packaging cells. We
found that the RDDP activity of MoMLV reverse transcriptase
was reduced by ,2-fold at 26°C compared to the activity at
37°C (Fig. 5A). However, the small difference in RDDP activ-
ity at the two temperatures does not explain why nonmamma-
lian and D17 cells infected with LNCZ(VSV-G) have 100- to
1,000-fold differences in the total amount of RT product.

DDDP activity and other processes of MoMLV RT are com-
parable at 26 and 37°C. To investigate if MoMLV reverse
transcriptase could efficiently complete strand transfer, strand
displacement, and DNA-dependent DNA polymerase (DDDP)
activities at lower temperatures, we performed endogenous
RT assays at 26 and 37°C. Endogenous RT assays differ from

exogenous RT assays in that the former are performed within
permeabilized viruses and utilize the viral RNA as a template
for RT (33, 39). Endogenous RT assays were done with
LNCG(RD114) or conditioned medium from the FLYRD
cell-based packaging line not containing a retroviral vector. A
portion of each sample was subjected to PCR amplification in
the presence of 102 to 107 molecules of plasmid DNA
(pLNCZ) and nonspecific DNA (pUC18) to obtain an equal
amount of DNA in each reaction mixture. By comparing am-
plified samples having no competitor (Fig. 5B, lanes 2 and 19)
to those with competitor (Fig. 5B, lanes 3 to 8 and 20 to 25), we
were able to determine the relative amounts of total RT prod-
ucts found in each endogenous reaction performed at either 26
or 37°C. We found that at both temperatures there were ap-

FIG. 5. Temperature effect on MoMLV reverse transcriptase.
(A) Exogenous RT assay to assess RDDP activity. Incorporation of
[32P]dTTP into a poly(A)(dTTP)12 template-primer mixture by
MoMLV reverse transcriptase at 26°C (F) or 37°C (■) was measured.
Incorporation in HT-1080 conditioned medium at 37°C (Œ) served as
a control. (B) Endogenous RT assay to assess complete activity of
MoMLV reverse transcriptase at 26 and 37°C. DNAs from the endog-
enous RT assays done at the two different temperatures were used as
templates for PCR amplification of the LTR-c sequence without non-
specific (pUC18) DNA (lanes 1 and 18), with nonspecific DNA only
(lanes 2 and 19), or in the presence of 102 to 107 copies of pLNCZ
competitor and nonspecific DNA (lanes 3 to 8 and 20 to 25). Ampli-
fication of the competitor only (lanes 10 to 15 and 27 to 32), nonspe-
cific DNA only (lanes 16 and 33), no template (lanes 9 and 26), and
conditioned medium from mock producer cells (lanes 17 and 34)
served as negative controls. The assay was repeated under the same
conditions to confirm the results (data not shown).

TABLE 2. Nonmammalian cells divide at rates which are sufficient
to promote nuclear entry of the MoMLV PIC

Cell line Doubling
time (h)a

Efficiency of MoMLV-based
vector transduction (%
relative to that of D17

cells)b

RT product
(% relative to that

of D17 cells)c

D17 30 100 100
ZF4 40 1 1
FHM 29 ,0.001 0.1
High-5 36 ,0.001 1
Mos-55 32 ,0.001 1
XPK2 48 ,0.001 0.75
Sf9 60 ,0.001 ND

a Cells were plated into multiple dishes. Duplicate plates were trypsinized, and
the cells were counted after treatment with trypsin every 24 h for 4 days. The
doubling times were determined between days 2 and 4, the period in which the
cells were exposed to virus for transduction assays.

b Transduction by MoMLV-based vectors pseudotyped with either the GALV,
RD114, or VSV-G envelope proteins.

c Detected after exposure to MoMLV-based vectors. ND, not done.
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proximately 105 molecules of full-length RT product, thus in-
dicating that RT does not significantly differ between 26 and
37°C.

Temperatures at which FHM cells grow do not influence
MoMLV-based transduction in vivo. To evaluate whether an-
other step in transduction was affected by temperature, we
adapted D17 cells and FHM cells to grow under identical
culture conditions. Both cell types were adapted to grow at
33°C in a 3% CO2–air atmosphere and were later challenged
with LNCZ(VSV-G). Titers were at least 5 orders of magni-
tude higher in D17 cells than in FHM cells. The lack of trans-
duction by LNCZ(VSV-G) in FHM cells grown under the
same culture conditions as D17 cells indicates that FHM
cells lack cellular factors required for transduction by LNCZ
(VSV-G) or that these cells contain an inhibitor of MoMLV-
based vector transduction. These findings are supported by
data which show that these vectors enter and undergo RT but
fail to transduce the cells.

The lack of transduction by MoMLV-based vectors in non-
mammalian cells is not due to a low rate of cell division at the
time of infection. Because the MoMLV PIC enters the nucleus
only during mitosis, we wanted to determine whether the di-
vision rates of the nonmammalian cells might be lower than
those of mammalian cells, thereby reducing the frequency of
mitosis and thus the rate of transduction by MoMLV-based
vectors. Therefore, we evaluated the doubling time of each cell
line at the time of infection (Table 2). All cell types were plated
and cultured under the same conditions as used for infection.
We determined the doubling time for each cell type by count-
ing cells every 24 h after plating. The FHM, High-5, and
Mos-55 cells had shorter doubling times than the permissive
ZF4 cells, yet none were permissive to transduction by
MoMLV-based vectors. XPK2 cells divided at a rate which was
slightly lower than that of ZF4 cells, whereas Sf9 cells divided
at a markedly lower rate. Therefore, it is possible that the low
division rate of Sf9 cells affects the transduction of these cells
by MoMLV-based vectors. These data show that RT products
found in most of the nonmammalian cell types 24 h posttrans-
duction (Table 2; Fig. 4B) should have access to the nucleus
and indicate that these cells likely have blocks to transduction
by MoMLV-based vectors that are independent of nuclear
entry.

DISCUSSION

Here we report that several nonmammalian cell types ex-
hibit blocks to MoMLV-based vector transduction. Many of
the nonmammalian cell types tested were not transduced by
MoMLV-based vectors pseudotyped with pantropic envelopes.
The striking contrast between the transduction efficiency ob-
served in mammalian and nonmammalian cells led us to in-
vestigate at what step MoMLV-based transduction was inhib-
ited or blocked. Our data, summarized in Fig. 6, show that
some nonmammalian cells have various postentry blocks or
attenuations to MoMLV-based transduction during or prior to
RT and at the step of integration. The differences in growth
temperatures do not account for the relatively low levels of RT
products found in the nonmammalian cells tested or for the
failure of vector integration and lack of reporter expression
in FHM cells. Interestingly, many nonmammalian cells that

contain RT products after exposure to viruses containing
MoMLV-based vectors are not permissive to transduction by
these vectors even though they divide at rates which are com-
parable to those of permissive cells. In general, we found that
in several nonmammalian cell types MoMLV-based transduc-
tion is blocked or attenuated at multiple early steps required
for the expression of heterologous DNA from an MoMLV-
based vector.

It was unexpected that most of the nonmammalian cells
could not be transduced by MoMLV-based vectors pseudo-
typed with envelopes from viruses which have broad host
ranges. Earlier work has shown that MoMLV-based vectors
pseudotyped with the MDEV envelope can efficiently trans-
duce species such as the rat, hamster, quail, cat, dog, human,
and mouse (3). Previously, there were no reports of a cell line
which MDEV vectors could not transduce. Likewise, VSV-G-
pseudotyped viruses have been referred to as pantropic be-
cause the receptor is thought to be a phospholipid, a compo-
nent of most cellular membranes. Therefore, we were
surprised to find that several nonmammalian cells were not
transduced by MoMLV-based vectors pseudotyped with
MDEV or VSV-G viral envelopes, even though these vectors
are expressed when transfected into the same nonmammalian
cells. Similarly, we expected to observe transduction in XPK2
cells infected with either LNCZ(GALV) or LNCZ(ampho-
tropic) because these viruses caused dramatic syncytium for-
mation shortly after infection, and yet they were negative for
b-galactosidase expression. It remains unclear if High-5, Sf9,
S2, FHM, and Mos-55 cells express the receptors for MDEV,
10A1 virus, amphotropic virus, and GALV.

The identification of de novo RT products in the nonmam-
malian cells infected with LNCZ(VSV-G) confirmed that the
pseudotyped viruses entered the cells. However, the efficiency
of virus entry in some of the cell types is not known because
some of the cells were poorly infected by both LNCZ(VSV-G)
and VSV-GFP. For example, the XPK2 cells did not support
the replication of VSV-GFP, but entry was established by the
detection of RT products after infection with LNCZ(VSV-G).
Therefore, it is possible that the relatively low levels of RT

FIG. 6. Schematic representation of blocks to MoMLV-based
transduction in various cell types. Arrows show the procession of
transduction through the three main steps. Solid lines represent unin-
terrupted events, and dashed lines represent disrupted events. Bars
indicate a complete block to transduction after RT. D17 cells are the
cells to which all of the other cell types were compared. ZF4 cells
contain 100-fold fewer RT products than do D17 cells, and the titers of
LNCZ(VSV-G) are also 100-fold lower than those of D17 cells.
Mos-55 cells have 100-fold fewer RT products than do D17 cells, but
the entry of LNCZ(VSV-G) is comparable in the two cell types as
assessed by VSV-GFP titers. Furthermore, the RT products in Mos-55
cells do not lead to transduction events. XPK2, FHM, and High-5 cells
contain 2 to 3 orders of magnitude fewer RT products than do D17
cells, and the RT products do not lead to transduction events.
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products in some of the cell types can be ascribed to poor virus
entry. On the other hand, infection with VSV-GFP showed
that a few of the nonmammalian cell types should be very
permissive to vectors pseudotyped with VSV-G envelopes. In
agreement with previous studies that have demonstrated pro-
ductive infection of wild-type VSV in mosquitoes (37), we
found that Mos-55 cells were extremely permissive to VSV-
GFP. Remarkably, the same cells were not transduced by
MoMLV-based vectors pseudotyped with VSV-G, thus dem-
onstrating that transduction is blocked for reasons other than
inefficient virus entry. In contrast to our results, one study
has demonstrated integration of MoMLV-based vectors
pseudotyped with VSV-G in Mos-55 cells (26). However, in
that study nested PCR identified only two integrated events
from a pool of cells which were infected at an MOI of 0.3.
These findings suggest that integration of MoMLV-based vec-
tors in Mos-55 cells is extremely rare at best. In our study, we
used colorimetric titering assays to measure transduction in
Mos-55 cells and did not find any such events even when
infections were done at an MOI of .5 (data not shown).
Regardless, we were able to detect entry of either LNCZ
(VSV-G) or VSV-GFP in the nonmammalian cell types, and
we hypothesize that the lack of transduction by LNCZ
(VSV-G) or LNCG(VSV-G) must be attributable to postentry
blocks.

The dramatic variation between MoMLV-based transduc-
tion in mammalian and nonmammalian cells is not due to
differences in culture conditions. Previous reports indicated
that the optimal activity of MoMLV reverse transcriptase oc-
curs at temperatures between 39 and 41°C (34). We found the
RDDP activity of MoMLV reverse transcriptase to be only
slightly greater at 37°C than at 26°C. Consistent with another
report by Whiting and Champoux (41), we found the processes
of strand transfer and strand displacement and the DDDP
activity of reverse transcriptase to be comparable at 37 and
26°C. Therefore, the relatively low levels of RT products found
in the nonmammalian cells were not due to differences in
culture temperatures. Along these lines, MoMLV-based trans-
duction in FHM cells could not be rescued by adapting the
cells to grow at temperatures which are sufficient for transduc-
tion in mammalian cells. Therefore, other reasons, such as a
deficiency in specific cellular factors or the presence of an
inhibitory factor, account for the lack of transduction in the
nonmammalian cells.

Cellular factors which are required for early events in
MoMLV replication may be absent in the nonmammalian cells
tested in this study. MoMLV enzymatic proteins are sufficient
to produce full-length double-stranded DNA products in vitro,
but it is unclear if other factors are required in vivo (12, 15).
Previous studies of HIV-1 show a role for casein kinase II (16),
the HIV-1 coreceptor (8), actin filaments, and possibly actin-
binding proteins in the early steps of RT (4). Since little is
known about the intracellular composition of the MoMLV RT
machinery, it is unclear if host factors other than nucleotides
are needed to produce a full-length cDNA from incoming viral
RNA. The MoMLV PIC includes BAF, a cellular factor which
binds retroviral cDNA at a relatively late time during RT (17).
Although a function for BAF in RT has not been identified, it
is known that BAF’s association with the MoMLV PIC pre-
vents autointegration (21) and may play an indirect role in

creating a proper intasome structure necessary for integration
of viral DNA into the host cell genome (40). Interestingly, a
mutant of BAF that cannot bind DNA restores the integration
activity of salt-stripped HIV-1 PICs in vitro, suggesting that
BAF interacts with other components of the viral PIC in ad-
dition to DNA (17). BAF’s interaction with HIV-1 PICs may
be through association with other cellular factors which might
also be present in MoMLV PICs. Another group has used
reconstituted salt-stripped MoMLV PICs for in vitro intermo-
lecular integration assays and established the need for the host
factor HMGI/Y in retroviral integration (23). However, in that
study extracts from NIH 3T3 cells were able to complement
salt-stripped PICs better than purified HMGI/Y, suggesting
that additional cellular factors may play a role in MoMLV
integration.

With so many cellular factors involved in MoMLV-based
transduction, it would perhaps be unlikely that nonmammalian
cells contain all of the mammalian homologs which are re-
quired for the process or that they would contain them in
sufficient quantities. For example, poor MoMLV-based trans-
duction efficiencies in several zebrafish cell types (data not
shown) could be the result of insufficient quantities of cellular
factors. In agreement with our results, other groups found that
titers of VSV-G-pseudotyped MoMLV-based vectors are 100-
fold lower in zebrafish cells than in hamster cells (5) and
proposed that the difference may be due to the dissimilarity of
host factors within the two cell types (20). Likewise, species-
specific postentry blocks have been reported for human and
primate immunodeficiency viruses in various mammalian cell
types (19). Alternatively, we cannot rule out an inhibitory
mechanism which would prevent MoMLV-based transduction
in many of the nonmammalian cells which displayed a com-
plete block to transduction. In either case, the identification of
postentry blocks to transduction in the nonmammalian cells
provides a method for identifying cellular factors involved in
the early steps of MoMLV replication. Currently, we are at-
tempting to rescue MoMLV-based transduction in FHM cells
by providing these cells with chromosomes from zebrafish cells
which are transduced by these vectors. The many cell lines
displaying different postentry blocks to transduction by
MoMLV-based vectors create new opportunities for studying
retroviral infection.
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