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Summary
Retroviruses are well known for their ability to incorporate envelope proteins from other retroviral
strains and genera and even from other virus families. This characteristic has been widely exploited
for the generation of replication-defective retroviral vectors, including those derived from murine
leukemia virus (MLV), bearing heterologous envelope proteins. We desired to investigate the
possibility of “genetically” pseudotyping replication-competent MLV by replacing the native env
gene in a full-length viral genome with that of another gammaretrovirus. We previously developed
replication-competent versions of MLV that stably transmit and express transgenes inserted in the
3′ untranslated region of the viral genome. In one such tagged MLV expressing green fluorescent
protein, we replaced the native env sequence with that of gibbon ape leukemia virus (GALV).
Although the GALV Env protein is commonly used to make high titer pseudotypes of MLV vectors,
we found that the env replacement greatly attenuated viral replication. However, passage of cells
exposed to the chimeric virus resulted in selection of mutants exhibiting rapid replication kinetics
and different variants arose in different infections. Two of these variants had acquired mutations at
or adjacent to the splice acceptor site and three others had acquired dual mutations within the long
terminal repeat. Analysis of the levels of unspliced and spliced viral RNA produced by the parental
and adapted viruses showed that the mutations gained by each of these variants functioned to reverse
an imbalance in splicing caused by the env gene substitution. Our results reveal the presence of
previously unknown cis-acting sequences in MLV that modulate splicing of the viral transcript and
demonstrate that tagging of the retroviral genome with an easily assayed transgene can be combined
with in vitro evolution to efficiently generate and screen for replicating mutants of replication-
impaired recombinant viruses.
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Introduction
The genomic RNA of simple retroviruses such as murine leukemia virus (MLV) encodes three
genes - gag, pol, and env - which are each indispensable for replication. The Gag and Pol
proteins are translated from the full-length, unspliced transcript, which also serves as the
packaged and transmitted genome. A fraction of the transcript undergoes a splicing event that
places the env open reading frame near the 5′ cap, permitting translation of the surface and
transmembrane subunits of the envelope (Env) protein, which mediates the binding and entry
of the virus into the host cell through interaction with cognate receptors on the cell surface.
Retroviruses have evolved Env proteins that utilize a variety of cellular receptors 1, and
retrovirus particles can functionally incorporate envelope proteins from other retroviral strains
and genera, and even from other virus families, when expressed in the same cell. These
properties have been extensively exploited to generate pseudotyped replication-defective
retroviral vectors that exhibit redirected or broadened tropism and greater biophysical stability
2. Furthermore, “genetically pseudotyped” infectious retroviruses can arise during infection
by natural recombination events that result in replacement of env sequences with those of a co-
infecting or endogenous virus 3; 4 and such env gene alterations can play an important role in
virulence or pathogenicity and cross-species transmissibility.

The construction of chimeras between different strains, species or genera of retroviruses
represents a useful strategy for investigating retrovirus biology, and a large number of such
chimeras have been reported previously 5; 6; 7; 8; 9; 10. However, the production of replication-
competent chimeric viruses requires that not only the proteins encoded by the heterologous
sequence functionally substitute for any replaced proteins, but also that the sequence within
the viral genome not itself impair viral replication. In fact, artificially constructed chimeric
retroviruses are very often partially or completely replication-impaired 7; 8; 10; 11; 12; 13. The
availability of fully replication-competent forms of such viruses would permit more thorough
characterization and provide new tools for probing retroviral biology, and the identification of
mutations that impart or improve replication competence may itself provide novel insights into
retroviral replication.

One elegant approach to circumventing a block to replication in an impaired virus, and which
does not require knowledge of the mechanism responsible for the block, is to employ adaptive
evolution. Retroviruses are particularly well-suited to this approach due their high mutation
rates. The methodology used in this study combines adaptive evolution with genetic tagging
of the virus to simplify identification of efficiently replicating mutants. We previously
developed replication-competent variants of MLV containing an internal ribosome entry site
(IRES)-transgene insert in the virus's 3′ untranslated region 14; 15; 16. These viruses replicate
to high titer and can efficiently transmit and express exogenous genes in mammalian cells.
Additionally, the use of a fluorescent reporter transgene, such as GFP, in these viruses allows
spread to be easily tracked and quantitated by flow cytometry or fluorescence microscopy. The
IRES-GFP cassette is very well tolerated in the MLV genome, is retained over a large number
of cell-free passages in culture, and its presence is compatible with replication kinetics
comparable to wild type virus.

Here, we employed this tagged retrovirus system to monitor the consequences of
experimentally introduced genetic alterations to the viral genome. We describe a GFP-tagged
chimeric virus in which the env gene in an MLV genome was replaced with the env of another
gammaretrovirus, gibbon ape leukemia virus (GALV). While the amphotropic MLV Env
protein utilizes the Pit-2 phosphate transporter for viral entry, the GALV Env protein utilizes
the Pit-1 phosphate transporter 1. Surprisingly, although the GALV Env protein is commonly
used to make high titer pseudotypes of standard MLV vectors 17; 18; 19, the chimeric virus
exhibited greatly reduced replication kinetics.

Logg et al. Page 2

J Mol Biol. Author manuscript; available in PMC 2010 September 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



However, retroviruses display a high inherent rate of mutation, thought to be in large part a
consequence of the error-prone nature of reverse transcriptase 20. This property allows these
viruses to evolve rapidly to overcome obstacles to their propagation and has proven
experimentally useful for the generation of recombinant retroviruses with desirable qualities
and in the analysis of retrovirus proteins 21; 22; 23. In this study, we took advantage of this
property to select for variants of the MLV-GALV chimera that had acquired replication-
enhancing mutations. We found that prolonged passage of cells exposed to the chimeric virus
allowed the natural selection of rapidly replicating variants and that repeated attempts to
generate such variants resulted in the selection of viruses with mutations in different locations.
Our results reveal previously unidentified elements in MLV that control the extent to which
the viral transcript undergoes splicing, and illustrate a novel approach to efficiently identifying
and isolating replication-competent variants of replication-impaired recombinant retroviruses.

Results
Construction and adaptive evolution of a tagged MLV-GALV chimera

To evaluate the possibility of altering the receptor specificity of MLV by incorporation of a
heterologous env gene, we replaced the env gene of a GFP-tagged, replication-competent
proviral clone of MLV 15 with that of GALV. In the resulting construct, designated GZAP-
GFP (Figure 1(a)), a short portion of the signal peptide-coding sequence of the MLV env was
retained in order to avoid alteration of the MLV pol sequence that overlaps with env. The
retroviral Env signal peptide serves to target the Env protein for translation in the endoplasmic
reticulum. The Env of GZAP-GFP thus contains a hybrid signal peptide, but is expected to be
of fully GALV origin when mature, according to analysis by the SignalP program 24. Whereas
the signal peptide of MLV is 33 amino acids 25, that of GZAP-GFP and wild type GALV Env
were predicted by SignalP to be 35 and 42 amino acids, respectively. The length of the hybrid
signal peptide is anticipated to be intermediate between MLV and GALV and is therefore not
expected to compromise proper processing of the Env protein.

Virus was generated by transfection of 293T cells with plasmid encoding GZAP-GFP or AZE-
GFP (Figure 1(a)), an efficiently replicating, GFP-tagged amphotropic clone of MLV 15. The
two viruses differ only in their env sequence. After LNCaP cells were exposed to the viruses,
viral spread was monitored by flow cytometry for GFP expression over the subsequent two
weeks. Figure 1(b) shows the results of two independent infections with GZAP-GFP,
designated A and B, and one with AZE-GFP, carried out using the same number of GFP-
transducing units of virus. While the transduction levels at day 2 were comparable for all three
infections, only infection with AZE-GFP resulted in progressive transmission of GFP during
the first week, indicating that the switching of the env gene had greatly impaired replication
of GZAP-GFP. However, at day 14 both cultures infected with GZAP-GFP had progressed to
transduction levels near 100%, suggesting that the virus might have undergone adaptation and
acquired the ability to replicate rapidly. Interestingly, the mean fluorescence intensity (MFI)
of these two fully-transduced GZAP-GFP cultures differed significantly, by approximately 5-
fold (Figure 1(b)). To determine if the chimeric virus had undergone changes that allowed
efficient replication, we used supernatant from the three initial infections for secondary
infections of fresh cultures. In these secondary infections, carried out using equal doses of
virus, both passaged populations of GZAP-GFP, like the amphotropic virus, mediated rapid
transmission of GFP with no lag phase (Figure 1(c)), providing further evidence that the virus
had undergone adaptation. Furthermore, the large difference in MFI of the two GZAP-GFP-
infected cultures was retained, suggesting that distinct alterations had arisen in the virus during
the two initial infections.

To determine whether additional putative mutants might arise during independent infections
with GZAP-GFP, six more infections were carried out using virus produced by transfection.
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In each case, the spread of GFP exhibited a pattern similar to that seen earlier, with a lag phase
of 8-12 days after an initial transduction level of 5-10%, followed by rapid spread (Figure 1
(d)). Infections with AZE-GFP and GS4-GFP at equivalent multiplicity of infection (MOI)
demonstrated that MLV and GALV replicated in these cells at a comparable rate, and that the
delayed kinetics of GZAP-GFP was due to the combining of the MLV and GALV sequences
rather than to an inability of either MLV or GALV to replicate efficiently in these cells. Each
of the eight GZAP-GFP populations, designated A-H, was then subjected to three cell-free
passages at low MOI to enrich for rapidly replicating virus, and cellular DNA was isolated
after the final passage for screening for sequence changes in the proviruses.

Identification of replication-enhancing splice acceptor mutations in adapted GZAP-GFP
To identify mutations that might have been acquired during the eight GZAP-GFP infections,
we first performed a functional screen of the right half of the provirus of each of the eight
passaged virus populations. The 4.1-kb SalI-MluI region of the viral genome from the middle
of pol to the 3′ end of env was PCR amplified from the cellular DNA and cloned back into
pGZAP-GFP (Figure 2(a)). Virus was generated from the resulting plasmids by transfection
and used to again infect LNCaP cells. GFP expression was monitored over a short (6-day) time
course to screen for replication-competent clones. Five of the eight recloned fragments, from
infections A, B, D, F, and G, conferred upon GZAP-GFP the ability to replicate rapidly and
without delay (Figure 2(b)). For each of these, the kinetics of spread was similar to that of the
corresponding passaged virus from which the insert was amplified. The fragments from
infections C, E and H were not found to enhance the replication-competence of GZAP-GFP,
despite the screening of multiple independently reconstructed plasmid clones. To further
localize the mutations in infections A, B, D, F and G, we analyzed the left (SalI-NdeI) and
right (NdeI-MluI) halves of the 4.1-kb fragment for their ability to confer replication
competence on GZAP-GFP by cloning them separately back into pGZAP-GFP. In each case,
the NdeI-MluI fragment alone enhanced transmission of GFP through the cultures to occur
(data not shown), demonstrating that the mutation was contained within this fragment.

Sequencing of the NdeI-MluI region in each of the eight reconstructed plasmids revealed that
the variants that arose in infections A, B, D, F and G all contained one of two mutations at the
MLV splice acceptor site 26, and that those from infections C, E and H contained no changes
in this region. The variants from infections A, D and F all possessed the same G→A transition
at the 3′ terminal nucleotide of the viral intron (Figure 2(c)). This mutation, 5490G>A,
converted the AG splice acceptor dinucleotide, which is nearly invariant among major-class
introns, to AA and would therefore be expected to abolish splicing at this site 27. (All MLV
nucleotide numbering is in accordance with Shinnick et al. 28, GenBank accession no.
J02255). This mutation also lies within the sequence coding for integrase, and converts the
alanine at amino acid 293 of the protein to threonine.

The variants that appeared in infections B and G both exhibited an insertion of TCC just
upstream of the splice acceptor. This insertion lies within the polypyrimidine tract of the splice
acceptor, extending the tract from 11 nucleotides to 14, and creates a duplication of Ser 290
of integrase. No alterations other than these two mutations were observed. Thus, none of the
eight adapted viruses contained any alteration of the GALV env gene itself, demonstrating that
the GALV envelope protein containing the hybrid signal peptide functioned effectively for
replication of the chimeric virus.

Identification of replication-enhancing LTR mutations in adapted GZAP-GFP
To screen for mutations that arose during infections C, E and H, we directly sequenced PCR
products amplified from the corresponding cellular DNA from the 5′ terminus of the provirus
to the middle of pol. The viruses from all three of these infections were found to each possess
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two mutations in the LTR, which are diagrammed in Figure 3(a). The variants from infections
C, E and H each contained a mutation between the CAAT and TATA boxes of the viral
promoter in the U3 region along with a point mutation in either the R or U5 region. The U3
mutation of infection C was a G→A transition while those of infections E and H were deletions
of 19 and 10 base pairs, respectively. The two deletions were found to have occurred between
short direct repeats in the MLV LTR (Figure 3(b)). In a previous study, we observed similar
repeats flanking deletions that appeared within the IRES-GFP cassette over long-term viral
propagation 15. PCR products amplified from the 5′ LTRs of the other five mutant viruses
containing splice acceptor mutations were also amplified and sequenced and were found to
contain no changes relative to pGZAP-GFP, as expected.

In order to assess the influence of the LTR mutations on the replication of these mutants, we
mutated pGZAP-GFP to contain each of these three pairs of mutations. The resulting plasmids
were constructed so that the LTR alterations of the variants from infections C, E or H were
present in both the 5′ and 3′ LTR. Infection of LNCaP cells with these mutants showed that
each mutation pair imparted to GZAP-GFP the ability to replicate with kinetics similar to that
of the corresponding passaged GZAP-GFP population (Figure 3(c)), demonstrating that these
mutations enabled the mutant viruses that arose in these infections to replicate efficiently.

To determine whether or not both mutations of each mutation pair were necessary for
replication of these variants, we constructed a series of additional versions pGZAP-GFP in
which each mutation was present in isolation. Again, each virus was constructed so that both
the 5′ and 3′ LTR contained the mutation in question. Figure 4 shows the results of infections
with these variants. For each of the three mutation pairs, both mutations were found to be
required together for efficient replication. Only the 79G>A mutation had any effect on its own
on replication of GZAP-GFP, allowing the virus to spread, but only with very slow kinetics.
None of the other mutations on their own had a discernable effect on replication. Thus, both
mutations in each LTR mutation pair acted in concert enhance spread of the variants that arose
in infections C, E and H.

Transmission of GFP through cultures infected with the adapted variants corresponds with
replication as measured by a standard retrovirus assay

To determine if the spread of GFP expression by the GZAP-GFP mutants as measured by flow
cytometry reliably reflects viral spread as measured by a more conventional assay for retroviral
replication, we examined the RT activity in cell cultures following exposure to each virus
(Figure 5). While cells infected with AZE-GFP or any of the mutants of GZAP-GFP exhibited
a progressive increase in RT activity over the subsequent 9 days, cells exposed to parental
GZAP-GFP exhibited only a low RT level through the course of the experiment. Furthermore,
the relative rate of replication of each virus as measured by RT activity was consistent with
that measured by transmission of GFP. Variant B of GZAP-GFP exhibited in both assays the
most rapid kinetics, while variant A exhibited the slowest. GZAP-GFP variants C, E and H
and AZE-GFP replicated at intermediate rates by both measurements. Hence, the transmission
of GFP served as a convenient and reliable indicator of replication for these viruses.

The adapted variants of GZAP-GFP retain the receptor specificity of GALV env
To confirm that the GZAP-GFP variants utilized the GALV receptor for cell entry, we
performed infections on additional cell lines. Due to species-specific differences in the Pit-1
protein, GALV Env can mediate infection of human but not murine cells 29. By contrast,
amphotropic MLV Env allows infection of cells from both species. We therefore exposed
human PC-3 and murine NIH3T3 cells to AZE-GFP or the variants of GZAP-GFP at equal
doses. Both cell lines were readily infected with AZE-GFP, but the GZAP-GFP variants were
only capable of infecting the human cell line (Figure 6). Exposure of additional murine cell
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lines to the viruses likewise resulted in rapid spread of AZE-GFP, but no infection by any of
the GZAP-GFP variants (data not shown), confirming that the chimeric viruses utilize Pit-1 as
expected.

The mutations of the adapted GZAP-GFP variants reversed an imbalance in the
unspliced:spliced viral RNA ratio

The occurrence of mutations at the splice acceptor site in two of the adapted GZAP-GFP
variants suggested that the replication defect in the parental chimeric virus was the result of a
flaw involving splicing of the viral RNA. As the unspliced RNA of simple retroviruses serves
for expression of the gag and pol genes and functions as the transmitted genome, while the
unspliced transcript is required for expression of the env gene, a balance of spliced and
unspliced RNA must be maintained for efficient replication to occur. We therefore tested the
possibility that the defect involved a disruption of the relative levels of the two RNAs.

First, we needed to determine if GZAP-GFP and its variants utilized the native splice donor
and acceptor sites of MLV. Because we also desired to evaluate the levels of spliced and
unspliced RNA produced by GALV, it was necessary identity the splice junction of this virus,
which has not yet been reported. We therefore performed RT-PCR on RNA from cells
transfected with the parental and mutant GZAP-GFP plasmids and wild type and GFP-tagged
GALV plasmids and sequenced the resulting amplification products. The forward primers used
for amplification were specific for the U5 region and the reverse primers were specific for the
sequence just upstream of env. Sequencing of the amplified product from the RNA of the
chimeric viruses showed that each one, except for that possessing the 5490G>A splice acceptor
mutation, utilized the native MLV splice donor and acceptor (data not shown). The 5490G>A
mutant of GZAP-GFP was found to use the native MLV splice donor and a cryptic acceptor
located 11 bp downstream of the native acceptor. Sequencing of the GALV RT-PCR products
(Figure 7), revealed that the 5′ and 3′ ends of the GALV intron are at nucleotides 204 and 5445
of the viral RNA, respectively, in both the wild type and tagged virus (numbering is in
accordance with Delassus et al.30, GenBank accession no. M26927).

We then performed quantitative RT-PCR on the RNA of GZAP-GFP and its variants and
several control RNAs from wild type and GFP-tagged MLV and GALV. To measure the level
of unspliced transcript, we used primer-probe sets specific for pol (Figure 8(a) and Table 1).
To measure the level of spliced transcript, we used 5′ primers specific for the sequence upstream
of the splice donor and probes and 3′ primers specific for the region downstream of the splice
acceptor. The quantitation revealed that introduction of the GALV env into the MLV genome
did in fact affect viral splicing, increasing the unspliced:spliced transcript ratio by roughly
three-fold (Figure 8(b)) compared to wild type or GFP-tagged MLV. Each of the single or dual
mutations of the five variants of GZAP-GFP caused a strong reversal in this ratio, not merely
restoring it to that of wild type or tagged MLV, but reducing it by 10- to 30-fold, depending
on the variant. This suggests that the chimeric viruses required a higher fraction of spliced
RNA than did MLV for optimal replication. Additionally, both wild type and GFP-tagged
GALV exhibited a transcript ratio similar to those of the adapted GZAP-GFP variants.
Additionally, three of the LTR mutations were tested in isolation and each one, when present
alone, reduced the ratio to a lesser extent than did the dually mutated LTRs, indicating that the
LTR mutations functioned cooperatively to restore replication-competence by an additive
effect on splicing. This is consistent with our earlier observation that both LTR mutations were
together required for correction of the replication defect of GZAP-GFP.

As in all retroviruses, the MLV LTR contains the sequences that govern viral transcription.
Therefore, it might be expected that the LTR mutations in the adapted GZAP-GFP variants
affected the rate of transcription of the viral RNA and may have thereby influenced the ability
of the mutants to replicate. To evaluate the effects of the LTR mutations on transcription, we
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constructed reporter plasmids in which the LTRs of the GZAP-GFP variants from infections
C, E and H drove expression of a luciferase reporter. Transfection of these constructs revealed
that the LTR of infection E, containing the 8205-8223del and 5C>T LTR mutations, did exhibit
a significantly higher transcriptional activity than the wild type LTR, mediating nearly three-
fold higher expression of the reporter (Figure 9). The two other mutant LTRs, however, did
not exhibit transcriptional activity significantly different from that of the wild type LTR. Thus
the mutated LTR from infection E may have functioned to enhance replication of the chimeric
virus not only by its effect on splicing but also through its greater transcriptional activity.

Discussion
In the present study, we employed a full-length, GFP-tagged MLV to evaluate the replication
of a chimeric variant in which the natural env gene had been replaced by that of GALV, and
to investigate the role of compensatory mutations that arose upon natural selection. The
presence of the IRES-GFP insert in the viral genome made it possible to easily assess
replication, to detect the outgrowth of mutant viruses, to localize their mutations, and to
characterize the mutants after cloning. Conventional assays for retroviral replication, such as
measurement of reverse transcriptase activity, are time and labor-intensive and often require
the use of radioisotopes. By contrast, flow cytometric analysis for GFP expression to detect
and quantitate viral spread is sensitive, comparatively simple and rapid and does not require
the use of hazardous materials. This approach should be applicable generally to the efficient
isolation of replicating variants of recombinant, full-length retroviruses whose replication is
somehow impaired.

Interestingly, although high-titer preparations of GALV Env-pseudotyped MLV vectors can
be readily made, and the two viruses belong to the same retroviral genus, the replacement of
the native env gene in the MLV genome with that of GALV impaired replication of the virus.
This result provides an illustration of the difficulty associated with predicting what changes to
the retroviral genome can made without compromising or eliminating replication-competence.

In order for gag, pol, and env genes to be expressed at appropriate levels and for efficient
replication to occur, an appropriate balance between spliced and unspliced RNA is required.
By contrast, cellular mRNAs generally must undergo complete splicing prior to export from
the nucleus. Examination of the levels of spliced and unspliced RNA produced by the parental
chimeric virus showed that the replacement of the native env gene of MLV with the env of
GALV resulted in a large decrease in spicing of the viral RNA.

However, prolonged passage of cells exposed to the virus allowed the selection and outgrowth
of rapidly replicating mutants. Repeated attempts to generate such variants resulted in the
selection of viruses with mutations clustering in one of two regions. One group of variants
exhibited mutations at the splice acceptor and the other had acquired dual alterations in the
LTR. For both groups, the perturbation in the unspliced:spliced transcript ratio caused by the
env substitution had been reversed by the mutations. The variants containing alterations in the
LTR all possessed a combination of two mutations and the presence of both mutations together
was essential to each variant both for efficient replication and for complete rebalancing of the
transcript ratio. Interestingly, the adapted chimeric viruses all exhibited a spliced:unspliced
transcript ratio significantly lower than MLV but comparable to that of GALV. This may
indicate that the level of GALV Env that is optimal for viral replication is higher than that of
MLV Env and that viruses encoding this Env protein may therefore need to maintain higher
levels of splicing than those encoding an MLV Env. Further investigation would be necessary
to address this possibility.
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How do these mutations shift the balance of viral RNA towards the spliced form? While the
cis-acting sequences in the genomes of gammaretroviruses such as MLV that are responsible
for the maintenance of the balance between spliced and unspliced RNA remain poorly defined,
certain inferences can be made. In the case of the splice acceptor mutations, a direct effect on
splicing efficiency is the most likely mechanism. The polypyrimidine tract TCC insertion most
likely enhanced splicing efficiency by increasing the tract's length and uridine content.
Polypyrimidine tract length 31; 32 and U-richness 33; 34 have been shown to correlate with
splicing efficiency, presumably by influencing the affinity of the sequence for the splicing
factor U2AF65 35. How the 5490G>A mutation caused an increase in the fraction of spliced
RNA is less clear. This mutation, which abolished the natural MLV acceptor AG, shifted
splicing to an AG several nucleotides downstream and caused an approximately 30-fold rise
in the ratio of the spliced relative to the unspliced RNA, an effect stronger than any of the other
mutations or mutation pairs we found. One possibility is that the new acceptor site is inherently
more efficient than the natural acceptor, but the natural acceptor's proximity to the branch site
makes it the preferred location for splicing. The first AG downstream of an intron's branch site
is normally selected for exon ligation 36. Thus, mutation of the native acceptor AG would allow
splicing to occur at the next AG downstream, whose context may be better suited for efficient
splicing.

There are multiple potential mechanisms whereby the LTR mutations shifted the balance of
RNA towards the spliced form. One possibility is that the mutations directly influence the
efficiency of the splicing reaction itself by modulation of the activity of a splicing enhancer or
silencer in the LTR. Such regulatory elements have been identified in other retroviruses 37;
38; 39, although none of these have been located in the LTR. Another possibility is that the
mechanism involves the transport pathway used to export the unspliced viral RNA from the
nucleus. In contrast to cellular mRNAs, which are in general fully spliced before nuclear export,
a portion of retroviral RNA must be exported to the cytoplasm in unspliced form, and in the
case of complex retroviruses, partially spliced form 40. In the simple retroviruses Mason Pfizer
monkey virus (MPMV) and simian retrovirus-1 (SRV-1), export of the unspliced RNA is
mediated by a cis-acting sequence termed the constitutive transport element (CTE). Deletion
of the CTE in either of these viruses results in an increase in the overall fraction of spliced viral
RNA in the cell 41; 42. Alteration of the rate of entry of the unspliced transcript into the pathway
used for export of unspliced MLV RNA, which may sequester the RNA away from the splicing
machinery, could change the relative levels of spliced versus unspliced RNA in the cell. For
example, the env gene of human immunodeficiency virus (HIV) possesses important cis-acting
sequences, including the Rev-responsive element 43, in addition to coding for the Env protein,
and substitution of the env gene of this virus with that of another could result in impairment
of replication due to loss of such functions. While, to our knowledge, no such sequences have
been reported in the env genes of gammaretroviruses, their existence remains a possibility.
Additionally, these same general mechanisms, or their inhibition, may be invoked to explain
why replacement of the native MLV env with GALV env shifted the transcript ratio towards
the unspliced form. Although the env substitution did not alter the ratio as dramatically as the
mutations acquired by the mutants, our results provide evidence that the env itself may contain
sequences that influence splicing.

A third mechanism by which the LTR mutations might affect splicing is via alterations in the
RNA polymerase II complex or the associated transcriptional regulatory proteins that assemble
on the proviral LTR. Evidence has accumulated in recent years for an important role of
transcription in regulation of splicing 44. Promoter structure 45 and association with
transcription factors 46 and coregulators 47 have been demonstrated to be capable of strongly
influencing patterns of alternative splicing through as-yet undefined mechanisms that are
independent of transcriptional efficiency. As the transcriptional control sequences in
retroviruses are located primarily within the LTR, and most importantly in the U3 region, the
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LTR mutations we identified may alter the extent to which the viral transcript is spliced by
modulating interactions with components of the transcription machinery. Further investigation
of how these mutations act should provide additional insight into the regulation of retroviral
RNA processing.

A previous study showed that the R region of MLV contains a short stem-loop structure that
is required for the accumulation of the unspliced, but not the spliced, transcript in the cytoplasm
48. The R region mutation that we identified, 5C>T, is located within the stem portion of this
structure and may therefore function by modulating its activity. The means by which the stem-
loop operates has not yet been determined. While the mechanisms by which the LTR mutations
function are uncertain, it is clear that none of them, when present alone, are sufficient to impart
high-level replication-competence to the chimeric virus. The ability of a U3 mutation to
complement a U5 mutation to restore replication is particularly interesting because these
regions lie at opposite ends of the viral RNA. This raises the possibility that some functional
interaction between the ends of the RNA molecule might occur during MLV replication.

The mutant viruses isolated in this study not only reveal a novel splice-regulatory mechanism
in MLV, but should also prove useful specifically in pre-clinical safety evaluation of GALV-
pseudotyped defective MLV vectors. The GZAP-GFP variants we isolated represent potential
replication-competent viruses that might arise by recombination in oncoretroviral vector-
producing cells expressing the GALV env gene, such as the widely used PG13 packaging cell
line 49. Until now, no reference standards were available for the development and validation
of appropriate detection assays for such replication-competent MLV-GALV recombinants.
Furthermore, our results indicate that the likelihood of formation of replication-competent
retrovirus from MLV vector packaging cells expressing the GALV env gene is lower than from
packaging cells expressing an MLV envelope, due to a requirement in the former for additional
mutations to correct the perturbation in splicing that a recombinant MLV containing the GALV
env gene would likely exhibit.

Finally, our results demonstrate a methodology for the development and optimization of
genetically pseudotyped retroviruses as vehicles for gene delivery. We and others have shown
that MLV can be modified to transmit and express transgenes with high efficiency throughout
solid tumors in vivo without detectable spread to normal tissues 16; 50; 51; 52; 53; 54; 55; 56.
Such modified retroviruses show promise as agents for gene therapy of cancer. There remains
cause for caution, however, in the development of such viruses, in view of previous reports of
lymphoma developing in lethally irradiated macaques 57, and clonal T cell proliferation in
pediatric patients with severe combined immunodeficiency after transplantation with retrovirus
vector-transduced hematopoietic stem cells 58. However, based on reports from classical
virology literature on MLV 59; 60 as well as more recent studies demonstrating lack of
retrovirus-induced pathology following exposure to wild type amphotropic MLV by either
direct systemic injection or transplantation of infected bone marrow cells in normal primates
61; 62, and lack of detection of any virus by quantitative PCR after intravenous injection of
transgene-carrying MLV in immunocompetent mice 50, there is likely to be little biohazard
risk to normal individuals, and a relatively favorable risk:benefit ratio associated with the use
of such replicating retroviruses in the context of cancer gene therapy, particularly for poor-
prognosis malignancies

Materials and Methods
Plasmids

Plasmid pGZAP-GFP was constructed by replacement of the env region of pZAPm-GFP 15,
from the HpaI site near the 5′ end of env to the MluI site at the 3′ terminus of env, with GALV
env sequence amplified by PCR from plasmid p386, which harbors a full-length molecular
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clone of the SEATO strain of GALV (generously provided by Maribeth Eiden, National
Institute of Mental Health). The primers used for amplification of the env sequence were:
AACCCGCGAGGCCCCCTAATCCTGATCATCCTCTTAAGCTGC, and
GTTCTGTGACGCGTTTAAAGGTTACCTTCGTTCTCTAGG, which adds an MluI site
(underlined) after the env stop codon. To construct plasmid pGS4-GFP, we first replaced the
plasmid backbone of p386 with the replication origin and ampicillin resistance gene of pUC19,
producing pGALV-S. To introduce MluI and NotI sites at the end of the env gene for insertion
of transgene sequences, we PCR amplified the 3′ end of the env gene of p386 with primers
TCCTCCTTCTGTTGCTCATCCTC and
TGTGAAGCGGCCGCATCTTACGCGTAAATTAAAGGTTACCTTCGTTC, and the 3′
UTR-3′LTR region with primers
GAACGAAGGTAACCTTTGCGGCCGCTCTAAGATTAGAGCTAT and
AAAACAGGCCGGCCATGTGAGACCCCCGAAGTG (NotI, MluI and FseI sites in the
primers are underlined). The env PCR product was cut with NsiI and NotI and the 3′UTR-3′
LTR product was cut with NotI and FseI. These two fragments were then ligated into pGALV-
S at the NsiI site in env and an FseI site at the end of the 5′ LTR, producing pGALV-S-MCS.
To produce pGS4-GFP, the IRES-GFP cassette of plasmid pZAPm-GFP was inserted into the
MluI and NotI sites of pGALV-S MCS. Plasmids pAZE-GFP, which contains an amphotropic
IRES-GFP-tagged clone of MLV, and pZAP2, which contains a full-length clone of wild type
Mo- MLV, were described previously 15.

Cell culture and transfections
293T human embryonic kidney, LNCaP and PC-3 human prostate carcinoma and NIH3T3
mouse fibroblast cells were obtained from the American Type Culture Collection. 293T and
NIH3T3 cells were cultivated in Dulbecco's modified Eagle's medium with 10% fetal bovine
serum. LNCaP and PC-3 cells were cultivated in RPMI 1640 with 10% FBS. All media was
supplemented with penicillin/streptomycin. Lipofectamine 2000 (Invitrogen) was used for
plasmid transfection of 293T cells to produce virus as described previously 63. Fugene 6
(Roche, Indianapolis, IN) was used for transfection of LNCaP cells for RNA isolation and
reporter assays. All cell culture procedures were conducted under protocols approved by the
UCLA Institutional Biosafety Committee at Biosafety Level 2 (BSL2), with adequate
containment and decontamination precautions.

Infections and titration
For all infections, cells were at 20-30% confluence at the time of exposure to virus and were
replated at a density of 20-30% at each passage. Polybrene was added to all cultures
immediately prior to infection to a concentration of 5 μg/ml. Only infections that resulted in
5-15% transduction at two days post-infection were further propagated and analyzed. For
enrichment of rapidly replicating mutants, after the percentage of GFP-positive cells in each
culture reached 90-100%, the supernatant was collected, filtered through a 0.45 μm Acrodisc
Supor syringe filter (Pall Gelman Sciences, Ann Arbor, MI), and used to infect fresh LNCaP
cultures at a 100-fold dilution. Virus titers, in terms of GFP-transducing units, were determined
by exposing 20 to 30% confluent LNCaP cultures in the presence of 4 μg of polybrene/ml to
dilutions of virus produced by transfection of 293T cells. The following day, the medium on
the cells was replaced with fresh medium containing 50 μM 3′-azido-3′-deoxythymidine to
block secondary spread of virus. On the third day, the cells were analyzed by flow cytometry
to determine the percentage GFP-positive cells. Titers were calculated according to the
formula: transducing units per ml = (number of cells counted at the time of exposure to virus
× percentage of GFP-positive cells determined by flow cytometry)/dilution factor of
transfection supernatant.
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Flow cytometry
Epics XL (Beckman Coulter, Fullerton, CA) and FACScan (Becton Dickinson, Franklin Lakes,
NJ) flow cytometers were used for analysis of GFP expression in infected and transfected cells
using a 525 or 530 nm bandpass emission filter. 5-10 thousand cells from each sample were
analyzed after trypsinization and suspension in phosphate buffered saline.

PCR amplification and reconstruction of adapted viruses
High molecular weight DNA was isolated from infected LNCaP cells using the GenomicPrep
kit (GE Healthcare, Piscataway, NJ). Proviral sequences were amplified from the LNCaP DNA
using Pfu Ultra polymerase (Stratagene, La Jolla, CA). For screening of the SalI-MluI region
from the middle of pol to the 5′ end of the IRES, we performed PCR using primers
GGGGTTGCCAGATTTGACTAAG and AAAAGACGGCAATATGGTGGAA. The
resulting products were digested with SalI and MluI and inserted into pGZAP-GFP at the same
sites to replace the original sequence. For screening of the region of the virus from the 5′ LTR
to the middle of pol, we amplified this region by PCR using primers
AAATAAGAATTCAATGAAAGACCCCA and CGTTAGGACACCTTTGGCGTA. The
resulting PCR products were gel purified using the Wizard SV kit (Promega, Madison, WI),
and directly sequenced. To recreate the mutant proviruses exhibiting mutations in the LTR, we
performed site-directed mutagenesis using the QuikChange II and QuikChange Multi kits
(Stratagene, La Jolla, CA), according to the manufacturer's instructions, on versions of pGZAP-
GFP that had either the 5′ or 3′ half of the viral genome deleted. The version of pGZAP-GFP
lacking the 5′ half of the genome was produced by removal of the region from the SacI site in
the 5′ LTR to the SacI site in pol, and the version of pGZAP-GFP lacking the 3′ half of the
genome was produced by removal of the region from the SacI site in pol to the SacI site in the
3′ LTR. After the desired mutation(s) were introduced into these plasmids, full-length proviral
clones containing the mutations in both LTRs were constructed by ligating the following three
fragments: one from the EcoRI site 5′ of the 5′ LTR to the XhoI site in gag, one from the XhoI
site in gag to the MluI site at the 3′ end of env, and one from the MluI site at the end of env to
the EcoRI site 5′ of the 5′ LTR. Additional details on the mutagenesis procedures and mutagenic
primer sequences used are available upon request. The integrity of all plasmids in the regions
encompassing the mutations was verified by sequencing. Laragen, Inc. (Los Angeles, CA)
performed all sequencing for this study.

Reverse transcriptase assays
The reverse transcriptase (RT) activity in supernatants of infected cell cultures was assayed as
described previously 64. Quantitation of the reaction products was performed using an FX Pro
Plus molecular imager (Bio-Rad, Hercules, CA).

Standard and quantitative RT-PCR
LNCaP cells were transfected with virus-encoding plasmid and total cellular RNA was isolated
with the RNeasy Mini Kit with DNase I treatment (Qiagen, Valencia, CA). Cell
homogenization for RNA isolation was carried out with Qiashredder columns (Qiagen). RNA
yield was determined by absorbance at 260 nm and 2 μg of each RNA preparation was used
for synthesis of cDNA with Superscript III reverse transcriptase and random hexamers
(Invitrogen) according to the manufacturer's instructions. The primers used for identification
of the splice junction of GZAP-GFP and its variants are the same as those used for quantitative
RT-PCR and are shown in Table 1A. The primers used for identification of the splice junction
of GALV were GAGCCGTGGTCTCGTTGTTC and GGTCGGGGTAGTCAGCAACA. The
relative levels of the spliced and unspliced viral transcripts were determined by TaqMan
amplification of the cDNAs in an ABI PRISM 7700 using the TaqMan Universal PCR Master
Mix (Applied Biosystems, Foster City, CA). The primers and probes were synthesized by
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Invitrogen and Applied Biosystems, respectively. In each experiment, standard curves for both
the unspliced and spliced amplicons were run in triplicate and used to determine the starting
quantities of the experimental samples. Experimental samples were amplified in triplicate, and
for each primer pair, control reactions using cDNA from untransfected cells were included as
controls.

Luciferase reporter assays
Full-length wild type and mutant LTRs were PCR amplified from the corresponding provirus-
containing plasmids and inserted into the MluI and HindIII sites of Gaussia luciferase
expression plasmid pCMV-GLuc1 (Nanolight, Pinetop, AZ), replacing the CMV promoter.
LNCaP cells were co-transfected with the luciferase plasmids and GFP expression plasmid
pGFPemd-cmv[R]-control (Packard Biosciences, Meriden, CT) to normalize for transfection
efficiency and at 36 hours post-transfection the culture supernatant was collected for luciferase
assays and the cells were analyzed by flow cytometry to determine transfection efficiency,
measured as the percentage of GFP-positive cells. A Gaussia Luciferase Assay Kit (New
England Biolabs, Ipswich, MA) and a MicroLumatPlus luminometer (Berthold Technologies,
Oak Ridge, TN) were used to quantitate luciferase activity in the supernatants.
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Figure 1.
Structure and in vitro adaptation of an MLV-GALV chimera. (a) Schematic of the viruses used
in this study. AZE-GFP and GS4-GFP are replication-competent clones of MLV and GALV,
respectively, containing an IRES-GFP cassette between the env gene and 3′ UTR. GZAP-GFP
is an MLV-GALV chimera identical to AZE-GFP except that it contains the env gene of GALV.
Unshaded regions represent sequences derived from MLV and grey shaded regions represent
those derived from GALV. (b) Histograms from flow cytometric analysis of primary infections
with AZE-GFP or GZAP-GFP at equal MOI. LNCaP cells were exposed to supernatant from
cells transfected with the provirus-containing plasmids and viral spread was monitored by GFP
expression on the indicated days post-exposure. (c) Histograms from secondary infections of
LNCaP cells carried out using supernatant from Day 14 of the infections shown in (b). (d)
Results of additional primary infections of LNCaP cells with GZAP-GFP, AZE-GFP and GS4-
GFP. The values for AZE-GFP and GS4-GFP are the averages obtained from three infections
carried out in parallel and error bars represent standard deviations. Letters C through H denote
single, independent infections with GZAP-GFP.
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Figure 2.
Screening of the eight passaged populations of GZAP-GFP for replication-enabling mutations
in the 4.1-kb SalI-MluI pol-env region of the virus. (a) Schematic of the provirus showing the
region that was amplified by PCR from genomic DNA and reintroduced into pGZAP-GFP for
functional analysis. (b) Results from infections initiated with either passaged virus from the
original eight infections or with virus produced by transfection of pGZAP-GFP reconstructed
with the corresponding amplified fragments. LNCaP cells were exposed to an equal number
of GFP-transducing units of virus from the original infections (“passaged GZAP-GFP”) or
from transfections with reconstructed pGZAP-GFP, and spread was quantitated by flow
cytometry at the indicated days post-infection. Infections with parental GZAP-GFP and AZE-
GFP, produced by transfection, were included as controls. Values shown are the average
obtained from triplicate infections and error bars indicate standard deviations. (c) The adaptive
splice acceptor mutations that arose in GZAP-GFP during infections A, B, D, F and G. The
mutant and wild type sequences around the acceptor site are shown aligned. Above each
nucleotide sequence is the corresponding translation for integrase. The mutations and the amino
acids that are altered are in bold. The locations of the MLV splice acceptor (SA) site,
polypyrimidine tract (PPT), and putative branch point sequence (BPS) are indicated.
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Figure 3.
Replication-enabling mutations that arose in GZAP-GFP during infections C, E and H. (a)
Schematic of the LTRs of the mutants showing the locations of deletions and point mutations
identified by sequencing of proviral DNA. Hatched segments indicate deletions. (b) Alignment
of the U3 region sequences between the CAAT and TATA boxes of each mutant with the
corresponding wild type MLV sequence. The CAAT and TATA boxes are in bold, the
8217C>A mutation is marked by an asterisk, deleted nucleotides are represented by dashes
and the short direct repeats that flanked the regions deleted in infections E and H are indicated
below the wild type MLV sequence. (c) Comparison of the replication of virus from the
passaged GZAP-GFP populations to that of GZAP-GFP reconstructed to contain the
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corresponding dual LTR mutations shown in (a). Values shown are the average obtained from
triplicate infections and error bars indicate standard deviations.
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Figure 4.
Evaluation of the importance of each of the LTR mutations from infections C, E and H for
viral replication. For each of these three GZAP-GFP mutants, two variants were constructed,
each possessing one of the two mutations in isolation. Infections with these variants or the
original mutants were carried out using equal doses of virus, and viral spread was assessed by
flow cytometry at the indicated days post-infection. Values shown are the average obtained
from triplicate infections and error bars indicate standard deviations.

Logg et al. Page 20

J Mol Biol. Author manuscript; available in PMC 2010 September 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Replication of viruses as measured by reverse transcriptase activity. LNCaP cells were exposed
to each virus at an MOI of 0.1 with GZAP-GFP, the indicated GZAP-GFP variants, or AZE-
GFP, and RT activity in the cultures was monitored over the following nine days. RT activities
are expressed in arbitrary units and are the average obtained from triplicate infections. Error
bars represent standard deviations. Asterisks denote RT activities that were significantly
different (p < 0.05 by two-tailed, paired t-test) from those of AZE-GFP at the same time point.
The values for AZE-GFP are shown by a dashed line for reference. The RT value for Day 0
represents the activity in cultures immediately before infection.
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Figure 6.
Comparison of the infectivity of the adapted chimeric viruses on human and mouse cells. PC-3
human prostate carcinoma and NIH3T3 mouse fibroblast cells were infected at a MOI of 0.1
and were analyzed by flow cytometry at 5 days post-infection. Vertical axis: cell number,
horizontal axis: GFP fluorescence measured using the FL1 channel
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Figure 7.
Identification of the splice junction of GALV. RNA was isolated from cells transfected with
either pGALV-S, which contains a wild type proviral clone of GALV, or pGS4-GFP and used
for RT-PCR. A forward primer in U5 and a reverse primer immediately upstream of the env
start codon were used to amplify across the splice junction. The amplified products were gel
purified and directly sequenced. (a) Agarose gel of the RT-PCR reactions. (b) Alignment of
the amplified sequences (top strand) with that of GALV genomic sequence (bottom strand).
The GALV RNA genome coordinates at the 5′ and 3′ ends of the identified intron are shown.
The GT dinucleotide of the splice donor and the AG of the splice acceptor are underlined.
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Figure 8.
Quantitation of the levels of spliced and unspliced viral RNA produced by MLV, GALV and
chimeric viruses. RNA isolated from cells transfected with the provirus-containing plasmids
was reverse transcribed and used in TaqMan PCR. (a) Schematic diagram of the
gammaretroviral RNA genome showing locations of the primers (arrowheads) and probes
(rectangles) used to measure the levels of unspliced and spliced transcript. The primer-probe
sets above the RNA diagram represent the location of those used for wild type and GFP-tagged
MLV and for GZAP-GFP and its mutants. The primer probe sets below the RNA diagram
represent the location of those used for wild type and GFP-tagged GALV. Black circles indicate
the locations of the splice donor and acceptor sites in the viral RNA. (b) Results of quantitation
of the transcripts, expressed as the ratio of unspliced to spliced viral RNA. The ratio for wild
type MLV (Moloney strain) was arbitrarily set to 1, and the ratios for all other viruses are
normalized to this value. Each value is the mean ratio obtained from at least three
amplifications, and error bars represent standard deviations. ZAPm-GFP is identical to AZE-
GFP and GZAP-GFP but contains the ecotropic MLV env gene.
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Figure 9.
Comparison of the transcriptional activity of the wild type and mutant LTRs. LNCaP cells
were transiently transfected with reporter plasmids containing the wild type or mutant LTRs
linked to Gaussia luciferase. Shown for each construct are the average relative light units (RLU)
produced per cell, after normalization for transfection efficiency. Values were obtained from
four replicates and error bars represent standard deviations. The asterisk indicates a statistically
significant difference between the activity of the LTR of mutant E and that of wild type virus
(p = 0.012 by two-tailed, paired t-test).
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Table 1

Primers and probes used in quantitative RT-PCR for unspliced and spliced viral RNA.

A. MLV and hybrid viruses

Target transcript Primer or probe Sequencea Coordinates in MLV genomeb

Unspliced Forward primer 5′-AACAAGCGGGTGGAAGACATC-3′ 2952-2972

Probe 5′-FAM-CCCACCGTGCCCAACCCTTACAACC-TAMRA-3′ 2976-3000

Reverse primer 5′-CAAAGGCGAAGAGAGGCTGAC-3′ 3088-3108

Spliced Forward primer 5′-CTCCTCTGAGTGATTGACTACCC-3′ 103-125

Probe 5′-VIC-TGCCGCCAGAGGTCTCCAGACTTCG-TAMRA-3′ 5522-5546

Reverse primer 5′-CGGTCCAGTTGTTCTTGGTAGG-3′ 5548-5569

B. GALV viruses

Target transcript Primer or probe Sequencea Coordinates in GALV genomec

Unspliced Forward primer 5′-TGGTATACAGACGGTAGCAGTTTC-3′ 4102-4125

Probe 5′-FAM-CCCTGCTCTCCGTTTACCTTCCGTGA-TAMRA-3′ 4127-4152

Reverse primer 5′-CCGTCCGCTTGCCATCTAC-3′ 4162-4180

Spliced Forward primer 5′-ACCACCGACCCACCAACG-3′ 182-199

Probe 5′-VIC-TTCCACCGAGGCTCAAGGCTGCTG-TAMRA-3′ 5481-5504

Reverse primer 5′-GGTAGTCAGCAACACCAGGTATG-3′ 5510-5532

a
Abbreviations: FAM, 5-carboxyfluorescein; TAMRA, 6-carboxytetramethylrhodamine. VIC is a proprietary fluorescent label of Applied Biosystems.

b
Numbered in accordance with the MLV RNA genome sequence of GenBank accession no. J02255. The MLV splice donor and acceptor sites are

located at nucleotides 206 and 5490, respectively.

c
Numbered in accordance with the GALV RNA genome sequence of GenBank accession no. M26927. The GALV splice donor and acceptor sites

are located at nucleotides 204 and 5445, respectively.
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