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A protocol was designed to measure the forward mutation rate over an entire gene replicated as part of a
Moloney murine leukemia virus-based vector. For these studies, the herpes simplex virus thymidine kinase (¢k)
gene under the control of the spleen necrosis virus U3 promoter was used as target sequence since it allows
selection for either the functional or the inactivated gene. Our results indicate that after one round of retroviral
replication, the ¢k gene is inactivated at an average rate of 0.08 per cycle of replication. Southern blotting
revealed that the majority of the mutant proviruses resulted from gross rearrangements and that deletions of
spleen necrosis virus and tk sequences were the most frequent cause of the gene inactivation. Sequence analysis
of the mutant proviruses suggested that homologous as well as nonhomologous recombination was involved in
the observed rearrangements. Some mutations consisted of simple deletions, and others consisted of deletions
combined with insertions. The frequency at which these mutations occurred during one cycle of retroviral
replication provides evidence indicating that Moloney murine leukemia virus-based vectors may undergo
genetic rearrangement at high rates. The high rate of rearrangement and its relevance for retrovirus-mediated

gene transfer are discussed.

Retroviruses are RNA viruses that evolve at rapid rates (3,
13). Several studies have demonstrated that retroviral base
substitution mutation rates are several orders of magnitude
higher than those of cellular sequences (6, 18, 22, 26, 40). In
addition to generating diversity by base substitution mutations,
retroviruses are subject to genetic rearrangements involving
deletions (24, 41, 42) or duplications (1, 36) of viral elements
and to recombination with cellular sequences (29, 39) or other
retroviral genomes present in the same cell (2, 11, 12, 38). This
characteristically imperfect replication process is responsible
for the generation of genetic diversity which is presumably
advantageous for responding to selective forces (3, 13).

As a result of mutational events, defective retroviral ge-
nomes have been found to arise spontaneously during retrovi-
ral replication. For instance, after replication in culture, rep-
lication-defective variants of Rous sarcoma virus (41, 42) and
Moloney murine leukemia virus (MoMLV) (34) as well as
nontransforming variants of avian sarcoma virus (24) have
been observed. An indication that these defective retroviral
genomes might be generated at a high frequency came from
the finding that about one-third of the viral progeny produced
by clonal stocks of MoMLYV was replication defective (34). In
that study, however, the precise nature of the mutations
leading to the defects was not determined, and the possibility
that defective genomes were already present in the virus
producer cells could not be ruled out. The analysis of genomic
RNA derived from some of the defective MOMLYV proviral
clones suggested that at least one in five was the result of
deletion of viral sequences. Other defective genomes resulting
from deletion of part of the viral genes were also detected
during passage of Rous sarcoma virus in cultured cells (41, 42),
but their rate of appearance was not determined.

* Corresponding author.
+ Present address: Center for Advanced Biotechnology and Medi-
cine, Piscataway, NJ 08854-5638.

6357

An inherent difficulty of using replication-competent retro-
viruses for determining mutation rates, the mutation frequency
per replication cycle, is posed by their ability to spread
throughout a culture. However, vector systems that facilitate
the determination of mutation rates in the absence of helper
viruses and allow the detailed analysis of mutations that occur
in a single cycle of retroviral replication have been developed.
Spleen necrosis virus (SNV)- and MoMLV-based vector sys-
tems have been used to determine base substitution mutation
rates (6, 26, 27, 40), but studies concerning other types of
mutations, such as genetic rearrangements of different types,
have been performed mainly with SNV-based vectors. In one
such study, a forward mutation rate was determined by using
the lacZo gene (280 bp) as a reporter gene in an SNV-based
vector, and it was found that deletions occur at a rate of 2 X
10~ %/bp per cycle (27). Deletions combined with insertions of
up to 34 bp of sequences present in the parental vector were
found to occur at a similar rate.

In this study, a protocol was designed to measure the
forward mutation rate over an entire gene carried within an
MoMLV-based vector. This is the first time that a forward
mutation rate analysis has been performed with use of an
MoMLV-based system. The herpes simplex virus thymidine
kinase (tk) gene was used as the reporter gene because
conditions are available to select for either the functional or
the inactivated gene and because the tk gene is potentially
relevant for some gene therapy procedures (20). Moreover,
since the size of the potential target locus is 2.7 kbp, it is
possible to efficiently score for gross rearrangements as well as
for base substitution mutations, frameshifts, and small inser-
tions and deletions. It should be noted that the 2.7-kbp locus
includes the tk gene, the SNV U3 promoter directing its
expression, and flanking sequences that can be involved in
rearrangements without affecting viral replication or expres-
sion of the other exogenous gene in the vectors. Our results
indicate that the tk gene is inactivated in about 8% of the
MoMLYV proviruses after a single cycle of replication. South-
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ern blotting and DNA sequence analyses revealed that the
majority of the inactivating mutations involved deletion of tk
coding sequences and the promoter driving its expression.
Moreover, the deletions arose from both homologous and
nonhomologous recombination events. In some mutant provi-
ruses, the rearrangements resulted in deletion of vector se-
quences combined with the insertion of sequences of unknown
origin. These results suggest that at least some MoMLV
vectors can undergo genetic rearrangement at a high rate.

In addition to constituting a step toward the understanding
of the principles underlying rates and mechanisms of mutation
in retroviruses, this study provides information pertaining to
the stability of retroviral vectors, an important consideration
for their use as vehicles for retrovirus-mediated gene transfer.

MATERIALS AND METHODS

DNA constructions. Plasmid pN2 has been described else-
where (15). The vector pMSTK was constructed in two steps.
First, the BgllI-BamHI fragment containing the herpes simplex
virus tk gene from pTKAterR (35) was blunt-end ligated to the
Aval fragment of pME111 (7), which contains the SNV
promoter (U3 region of the long terminal repeat [LTR]),
yielding pSNVzk. The EcoRI-PpuMI fragment from pSNVik
which contains the SNV promoter-tk cassette was cloned into
the Xhol site of pN2 by blunt-end ligation to yield the pMSTK
vector.

Cells. GP+E-86 is an NIH 3T3-derived helper cell line
which expresses the MOMLYV proteins required for the prop-
agation of replication-defective MoMLV-based vectors with-
out producing replication-competent virus (19). PG13 is an-
other NIH 3T3-derived helper cell line which expresses the
MoMLV Gag and Pol proteins as well as the Gibbon ape
leukemia virus (GaLV) env gene products (21). This cell line
can be used to propagate MoMLV-based vector virus with the
GaLV receptor specificity (21). The BRLtk™ cell line is a
bromodeoxyuridine (BrdU)-resistant buffalo rat liver cell line
permissive for infection by MoMLYV vector virus and MoMLV
vector virus pseudotyped with the GaLV Env glycoproteins.

Transfections and infections. Transfections were performed
by the Polybrene-dimethyl sulfoxide method (14). Infections
were done by inoculating 60-mm-diameter dishes containing 2
X 10° cells with virus in the presence of 50 g of Polybrene per
ml in 0.4 ml of medium. Vector virus titers were determined by
infection of BRLtk ™ cells with 10-fold serial dilutions of virus
stocks. At 24 h after infection, the cells were placed in medium
containing G418 (300 pg/ml), HAT (0.1 mM hypoxanthine, 0.5
wM aminopterin, 30 .M thymidine), or both G418 and BrdU
(300 and 30 pg/ml, respectively). Titers were obtained by
multiplying the number of resistant colonies by the dilution
factor.

Establishment of helper cell clones containing a single
parental provirus. To establish helper cell clones containing a
single parental provirus, the following steps were performed.
(i) GP+E-86 helper cells were transfected with vector plasmid
DNA (pMSTK) and placed in selection medium containing
G418 (300 pg/ml). (ii) Vector virus was harvested from the
resulting G418-resistant cells and used to infect either fresh
GP+E-86 or PG13 helper cells at low multiplicity of infection
as previously described (40) to obtain G418-resistant cell
clones harboring a single provirus. (iii) To determine which
helper cells harbored parental MSTK proviruses, HAT and
G418 titers were obtained by infection of BRLtk ~ cells. The
helper cell clones that yielded no HAT-resistant cells were not
used for mutation rate determinations because they probably
represent clones with defective proviruses generated during
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transfection of GP+E-86 cells or infection of either GP+E-86
or PG13 cells. Thus, the procedure described above ensures
that only helper cell clones harboring a single parental vector
provirus are used in the mutation rate analysis.

Southern blot analysis. Southern blotting was performed by
standard protocols (32). Briefly, 10 pg of genomic DNA from
the infected BRLtk ~ clones of interest was digested with Xbal,
electrophoresed in 1% agarose gels, and blotted onto nitrocel-
lulose. The blots were then hybridized with a neomycin phos-
photransferase (neo) gene-specific >*P-labeled probe (EcoRI-
Xhol fragment from pN2).

PCR and sequencing. Proviral DNA was amplified from
genomic DNA of infected cell clones by the polymerase chain
reaction (PCR) (33), using Taq polymerase (Perkin-Elmer-
Cetus, Norwalk, Conn.) and two pairs of oligonucleotide
primers (see Fig. 3). The first pair was 5'-GCCTTCTTGAC
GAGTTCTTC-3' (primer I, located upstream and adjacent to
the stop codon of the neo gene, and 5'-CTTGCCAAACCTA
CAGGT-3' (primer II), located 14 bp downstream of the start
of the MoMLV LTR U3 sequence. The second pair was
5'-AGCGGATCCCCTTCTATCGCCTTC-3' (primer III), lo-
cated 15 bp upstream of the neo stop codon, and 5'-AG
CAAGCTTGCCAAACCTACA-3’ (primer IV), located 17 bp
downstream of the start of the MoMLV LTR U3 sequence.
The primers of the second set had base substitutions which
upon amplification generated the restriction sites BamHI
(from primer III) and HindIII (from primer 1V). The frag-
ments amplified by using the primer pair I-1I were cloned by
blunt-end ligation into the Smal site of M13mp19, and those
amplified with the pair III-IV were digested with BamHI and
HindIII and cloned into the corresponding sites of M13mp19.
Single-stranded phage DNA from these recombinants was
then prepared (32) and used in sequencing reactions carried
out with the Sequenase 2.0 kit (United States Biochemicals,
Cleveland, Ohio). It should be noted that gross rearrange-
ments detected after PCR amplification and DNA sequencing
were also readily detectable during Southern blotting, so they
are not likely to be due to artifacts occurring during amplifi-
cation.

Sequences and computer analysis. The MoMLV sequence
coordinates given in Fig. 3D and E were obtained from the
MOoMLV complete genome sequence (GenBank accession
numbers J02255, J02256, and J02257). Searches for sequence
homology were performed by using the FASTA program of the
Genetics Computer Group sequence analysis package (5).

RESULTS

Forward mutation rate measured by using an MoMLV
vector containing the herpes simplex virus #k gene. To measure
the mutation rate over an entire gene in an MoMLV-based
vector system, the retroviral vector MSTK was constructed
(Fig. 1A). The neo gene is expressed from the 5° LTR
promoter, and the herpes simplex virus tk gene is expressed
from the internal SNV promoter (U3 region of the SNV LTR).
Expression of neo confers resistance to G418, whereas expres-
sion of tk confers resistance to aminopterin present in HAT
medium. The tk gene was chosen as target for mutations
because an inactivating mutation in ¢k is readily detectable in
cells lacking the endogenous tk gene by selection with the
nucleotide analog BrdU. Therefore, BrdU selection was used
to measure the rate of inactivation of tk in an MoMLV-based
vector during a single cycle of retroviral replication as a
measure of the forward mutation rate (see below).

For the mutation rate determination, GP+E-86 helper cells
harboring one copy of the MSTK provirus were established as
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FIG. 1. Retroviral vector MSTK and protocol used for forward
mutation rate determination. (A) Diagram of the MoMLV-based
vector MSTK. LTR, MoMLV LTR; SNV, SNV promoter; horizontal
lines, MOMLYV sequences containing cis-acting elements required for
vector virus replication. (B) Schematic representation of the protocol
used to determine the forward mutation rate involving a single cycle of
viral replication. Inside the cells, a vector provirus is depicted. The two
open squares represent LTRs; the two rectangles represent exogenous
neo and tk genes; the jagged lines represent genomic DNA; GP+E-86
is an MoMLV-derived helper cell line; PG13 is a helper cell line which
produces the MoMLYV vector particles pseudotyped with GaLV Env
glycoproteins; BRLtk ™ is a buffalo rat liver cell line permissive for
infection by MoMLV-based vectors and by MoMLV-based vectors
packaged by using the GaLV Env glycoproteins; G418, HAT, and
G418+ BrdU denote drugs used for selection to obtain the vector virus
titers; neo*, tk*, and neo*/tk ~ represent the phenotypes conferred by
the vector proviruses present in cells obtained under each selection
condition. pol, polymerase.

previously described (6, 40) and were initially used as a source
of vector virus which was in turn used to infect BRLtk ™ cells
(Fig. 1B). During this process, a single cycle of retroviral
replication is completed; the cycle includes one round of
proviral transcription in the helper cell by RNA polymerase I1
to produce the vector virion RNA and one round of reverse
transcription by the viral reverse transcriptase (RT) to produce
a new provirus in the target cell (Fig. 1B). It should be noted
that the spread of vector virus is greatly reduced in the helper
cells as a result of superinfection interference (37) (superin-
fection of GP+E-86 is reduced by a factor of 10° [17]) and in
the target cells is totally blocked as a result of the absence of
viral proteins required for replication. The infected BRLtk ™
cells were then selected in medium containing G418, HAT, or
both G418 and BrdU (G418+BrdU; Fig. 1B). The vector virus
titers obtained with G418 or HAT yield the overall virus titer,
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TABLE 1. Titers and forward mutation rates obtained from
GP+E-86 helper cells containing MSTK proviruses

Titer (CFU/ml of virus stock)“

Clone Mutat}’on
G418 HAT G418+BrdU rate
1 5.0 x 10° 5.0 x 10 5.0 x 10? 0.100
2 4.5 x 10° 1.1 x 10* 1.0 x 10° 0.222
3 40 x 10* 3.5 x 10* 45 x 10 0.112
4 1.5 x 10* 1.5 x 10* 1.5 x 10 0.100
5 1.0 x 10* 2.0 x 10* 5.0 x 10? 0.050
6 1.0 x 10* 1.0 x 10* 7.5 x 10? 0.075
7 5.0 x 10° 6.0 x 10° 40 x 10* 0.080
8 3.5 x 10° 40 x 10° 1.5 x 10* 0.043
9 3.5 x 10° 5.0 x 10° 1.0 x 10° 0.286
10 3.0 x 10° 2.5 x 10° 45 x 10* 0.150
11 3.0 x 10° 6.5 X 10° 3.5 x 10* 0.117
12 1.0 x 10* 1.2 x 10* 7.5 x 10? 0.075
13 5.0 x 10° 6.5 x 10° 2.5 x 10* 0.050
14 40 x 10° 6.5 x 10° 4.5 x 10* 0.112
15 1.2 x 10° 1.5 x 10° 2.0 x 10° 0.017
16 6.5 x 10* 5.5 x 10* 5.0 x 10° 0.077
17 40 x 10* 40 x 10* 8.0 x 10° 0.200
18 6.5 x 10° 6.0 X 10° 1.0 x 10° 0.154

0.112 (avg)*

“ G418, HAT, and G418+BrdU represent the selection drugs used to obtain
the titers shown.

® Ratio of the G418+BrdU titer to the G418 titer. The variation in the rates
obtained from the different helper cell clones is probably a consequence of
normal experimental variation in viral titers. When one is dealing with viral titers
in the range of those shown, a twofold variation is not unexpected. If we assume
a 2-fold error, the titers can vary from 0.5- to 2-fold of the actual titer, as
indicated by the following expressions, in which x represents the G418 titer and
y represents the G418+BrdU titer: x/2 < x < 2x and y/2 < y < 2y. Since the
mutation rate is the ratio of the dual G418+ BrdU titer to the G418 titer (y/x),
then the rates from individual helper cell clones can be expected to vary as
follows: y/4x < y/x < 4y/x. Thus, the mutation rate can be 4-fold lower to 4-fold
higher than the average rate, accounting for at least a 16-fold difference between
the highest and the lowest possible rates.

¢ Standard deviation = 0.069.

while the G418+BrdU titer yields the mutant titer (Fig. 1B).
Cells resistant to the dual drug selection represent infected
cells harboring a provirus with a functional neo gene and an
inactivated ¢k gene (Fig. 1B). These mutant proviruses could
arise as a consequence of different types of mutations, such as
base substitutions, frameshifts, deletions, and insertions, in-
volving the tk gene or the SNV promoter which directs its
expression. The target sequence (2.7 kbp) includes untrans-
lated regions of neo and tk and some viral sequences which are
not required for tk expression but could be involved in
rearrangements that cause its inactivation. The ratio of the
mutant titer (G418+BrdU) to the overall titer (G418) repre-
sents the mutation frequency. Since the mutation frequency is
measured in a single cycle of retroviral replication, it consti-
tutes a measure of the mutation rate, that is, the mutation
frequency in a single cycle of viral replication (Fig. 1B).

A total of 18 GP+E-86 helper cell clones harboring the
MSTK vector were used as source of vector virus for infection
of BRLtk ~ cells. After one cycle of retroviral replication, these
helper cells yielded Neo* Tk~ proviruses at an average rate of
0.11 per cycle (Table 1), indicating that tk was inactivated in
about 11% of the G418-resistant clones. It should be noted
that the apparent low vector virus titers obtained with the
helper cells used in this study are due to a reduced suscepti-
bility of BRLtk ~ cells for infection by the vector systems used
(unpublished observations).

Control experiments were performed to rule out possible
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FIG. 2. Southern blot analysis of proviral DNA from G418+BrdU-
resistant BRLtk ~ cell clones. The diagram depicts the structure of the
parental MSTK vector provirus. Genomic DNA was isolated from
G418+BrdU-resistant BRLtk ~ cell clones infected with MSTK vector
virus. Ten micrograms of genomic DNA from the different BRLtk ~
cell clones (lanes 1 to 10) was digested with Xbal and analyzed by
Southern blotting using a neo-specific probe. As a control for full-
length proviral DNA (5 kbp after digestion with Xbal), 10 pg of
genomic DNA isolated from a G418-resistant cell clone infected with
MSTK vector virus was also analyzed (lane C). The mutant clones
shown (in the order in which they appear) were derived from virus
from the following helper cell clones shown in Table 1: 1, 17, 10, 10, 13,
14, 18, 9, 16, and 11.

interference or synergistic effects of dual selection with G418
and BrdU which might affect the G418 titers. A helper cell
clone harboring an MoMLV-based vector containing only the
neo gene (N2 [15]) was used as a source of vector virus for
infection of BRLtk™ cells. As expected, this vector did not
yield HAT-resistant cells, and its G418 and G418+BrdU titers
were very similar (2 X 10° CFU/ml was the average titer for
both selections in seven experiments; data not shown). These
results indicate that BrdU does not affect the G418 titer.

Southern blot analysis of mutant proviruses. To examine
the structures of the proviruses in dual-resistant cells (Neo™*
Tk ™), Southern blot analysis was performed with genomic
DNA isolated from G418+BrdU-resistant cells, using a neo-
specific probe. The restriction enzyme Xbal was used to cleave
the genomic DNA because it cuts only once within each LTR.
This analysis revealed that the majority of the mutant provi-
ruses had readily detectable gross rearrangements and that
most proviruses were smaller than the parental vector (Fig. 2
and data not shown). Of 31 clones analyzed, 2 were larger and
30 were smaller than the parental vector provirus, and 2
showed no detectable size difference. Approximately half of
the mutants were a consequence of an apparent 2.1-kbp
deletion. It is noteworthy that these mutants were derived from
viral stocks obtained from different helper cell clones, so the
mutants yielding similar deletions are not arising from the viral
stocks of only one helper cell clone.

An additional experiment was performed to determine
whether the system used yields an accurate depiction of the
mutation rate. If the observed high rate of tk inactivation by
genetic rearrangement is not an artifact of the selections used,
a similarly high rate of rearrangements should be expected in
infected cells selected for a functional neo gene in the absence
of selection for tk mutants. To test this prediction, 30 BRLtk ~
clones were obtained by infection with vector virus harvested
from clone 7 (Table 1) and selected with G418 only. Southern
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blot analysis of these clones revealed that two of them har-
bored rearranged proviruses; one was smaller and the other
was larger than the parental MSTK vector (data not shown).
This finding indicates that the observed high rate of rearrange-
ment is not an artifact of the selection system used.

Sequence analysis of deletion mutants. To further analyze
the mutant proviruses, DNA fragments containing the deletion
junctions were PCR amplified from genomic DNA and se-
quenced. The amplification was performed with primers flank-
ing the SNV and tk sequences, and the resulting fragments
were cloned into M13 to assist in determining their DNA
sequences. The results of that analysis are shown in Fig. 3.
About half of the deletions (8 of 14 clones analyzed) resulted
from excision of the entire SNV-tk cassette involving 30-bp
direct repeats flanking the deleted sequence which consist of
plasmid sequences introduced during construction of the vec-
tor (Fig. 3A). The mutants with this deletion belong to the
group which yielded a 2.1-kbp deletion in the Southern blot
analysis and probably resulted from misalignment of the
template during proviral DNA synthesis (26, 29). Another
deletion also involved direct repeats at the ends of the deleted
sequence (Fig. 3B). It was a deletion of 1,954 bp flanked by
10-bp direct repeats present in the 3’ noncoding region of neo
and at the 3’ end of the coding region of tk. A deletion of 1,768
bp in a different mutant clone did not involve direct repeats
except for a single-base-pair overlap at the ends of the deleted
fragment (Fig. 3C). Another type of mutation involved recom-
bination of vector viral sequences with MOMLYV env sequences
(Fig. 3D and E). The recombination resulted in the loss of
most of the SNV and tk sequences and the insertion of env
sequences which at their 3’ ends were indistinguishable from
the MOMLYV provirus. One of the mutants had an additional
insert of 30 bp between the MSTK vector and MoMLYV env
sequences (Fig. 3D). The central 26-bp stretch of this insert is
identical to an internal segment of a centromeric satellite DNA
species found in murine chromosomes (10, 30). In this mutant,
as well as in the other mutant which acquired MOMLV env
sequences, no sequence similarity was found at the 5’ recom-
bination points between the vector and the transduced se-
quences (Fig. 3D and E). It is noteworthy that the virus stocks
used to obtain these two mutant proviruses originated from
different helper cell clones (see implications in Discussion).
Two other mutant proviruses combined deletions and inser-
tions. One of them had a 1,133-bp deletion combined with an
insertion of three C nucleotide residues (sequence correspond-
ing to the plus strand of the provirus; Fig. 3F). The other
mutant had a 2,388-bp deletion and an insertion of 261 bp (Fig.
3G and H). The inserted sequence in this last mutant does not
correspond to any sequence found in the parental MSTK
vector or to any sequence represented in the GenBank data
base (as of April 1993). It probably represents transduced
cellular sequences.

Although proviral transcription by RNA polymerase II
remains a possible source of mutations, it is likely that reverse
transcription is the major contributor to the high rate of
rearrangement (see Discussion).

Forward mutation rate analysis using PG13 helper cells.
Although the spread of the vector virus in the GP+E-86 helper
cells is effectively reduced as a result of superinfection inter-
ference, it is not blocked completely. To determine whether
limited cycling which might occur during propagation of the
GP+E-86 helper cell clones significantly contributed to the
observed high mutation rate, we performed similar mutation
rate analyses using PG13 cells (21). PG13 is an NIH 3T3-
derived helper cell line which produces the MoMLV Gag and
Pol proteins and the GaLV Env glycoproteins. Therefore, the
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FIG. 3. Sequences of mutant proviruses obtained under
G418+BrdU selection. This figure depicts the sequence of mutant
proviruses analyzed by DNA sequencing after PCR amplification and
molecular cloning of proviral DNA from BRLtk ~ cell clones that grew
in the presence of G418+BrdU after infection by MSTK vector virus.
The parental provirus is 5,672 bp long, and relevant coordinates are
given below the vector. The approximate locations of the PCR primers
are shown by the horizontal arrows above the vector (not drawn to
scale). A, B, and C represent simple deletions for which the coordi-
nates of the breakpoints are given above the sequences. For these
three mutants, the deletion breakpoint was flanked by repeated
sequences which are designated within the rectangles. The approxi-
mate locations of the 30-bp repeats shown in A are indicated by the
asterisks below the vector. D and E represent examples of recombi-
nation which resulted in insertion of endogenous MoMLV env se-
quences. The sequence within the bracket in D represents an insertion
of 30 bp between the MSTK and MoMLV env sequences. The
underlined sequence in the insert was found to be identical to an
internal segment of a murine centromeric satellite DNA. The break-
points within the vector in D and E are again represented by numbers
without parentheses, whereas the env sequence coordinates corre-
sponding to their locations in the MOMLYV genome are indicated by
numbers with parentheses. The env inserts extend from the coordi-
nates shown to nucleotide 7673 of the MoMLV genome. F and G
represent examples of deletion with accompanying insertions of se-
quence of unknown origin. The insertions are indicated by brackets,
and the sizes of the insertions are given above the brackets. The
sequence of the entire 261-bp insertion found in G is given in H. The
sequences of mutants displayed were derived from virus from the
helper cell clones in Table 1 as follows: A from 1, B from 16, C from
1, D from 11, E from 9, F from 1, and G from 17.

virus produced by this cell line is a GaLV-pseudotyped vector
virus which uses the RT of MoMLV but has the GaLV
receptor specificity for infection. This pseudotyped vector virus
is unable to infect NIH 3T3 cells because GaLV Env glyco-
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TABLE 2. Titers and forward mutation rates obtained from PG13
helper cells containing MSTK proviruses

Titer (CFU/ml of virus stock)*

Clone Mutalli’on
G418 HAT G418+ BrdU rate
1 5.0 x 10* 40 x 10* 1.6 x 10* 0.320
2 7.0 x 10* 8.5 x 10* 1.0 x 10* 0.143
3 4.5 x 10* 3.5 x 10* 1.2 x 10* 0.267
4 9.0 x 10* 1.2 x 10° 1.0 x 10* 0.111
5 5.5 x 10* 5.0 x 10* 3.5 x 10° 0.064
6 5.0 x 10* 9.0 x 10* 9.0 x 10° 0.180
7 5.5 x 10* 5.5 x 10* 1.5 x 10* 0.273
8 6.5 x 10* 6.0 x 10* 7.5 x 10° 0.115
9 7.5 x 10* 1.2 x 10° 1.8 x 10* 0.240
10 1.5 x 10° 5.5 x 10° 5.0 x 10! 0.033
0.175 (avg)*

“ G418, HAT, and G418+ BrdU represent the selection drugs used to obtain
the titers shown.

® Ratio of the G418+BrdU titer to the G418 titer.

< Standard deviation = 0.097.

proteins cannot mediate infection of these cells, at least under
the conditions used in these experiments (21). Therefore, the
vector virus cannot cycle in the PG13 helper cells even at low
levels. This vector virus, however, can infect BRLtk ™ cells.
PG13 cell clones containing MSTK vector proviruses were
established by infection with virus produced in GP+E-86
helper cells at low multiplicity of infection and used in the
forward mutation rate assay. The titers obtained from these
helper cell clones revealed an average rate of tk inactivation of
0.18 per cycle (Table 2), which is not significantly different
from that obtained from GP+E-86 helper cells. Southern blot
analysis of the G418+ BrdU-resistant cell clones again demon-
strated that many of the mutant proviruses (7 of 10 analyzed)
resulted from gross rearrangements similar to those observed
in the assays using GP+E-86 helper cell clones (Fig. 4). These
results indicate that the high forward mutation rate displayed
by these vectors is not due to cycling of vector virus during the
propagation of the helper cell clones.

DISCUSSION

High rate of genetic rearrangement during retrovirus vector
replication. Our results show that an MoMLV-based vector
carrying the tk gene is subject to a high forward mutation rate
upon replication. In a single cycle of retroviral replication, the
tk gene was inactivated in the MSTK vector at an average rate
of 14.4% per replication cycle (this value represents an average

10 C

W —a— 5 kbp

— --— 3 kbp

s

FIG. 4. Southern blot analysis of proviral DNA from mutant
proviruses obtained by infection with the MSTK and MSTK2 vectors
produced by PG13 helper cells. Genomic DNA from infected BRLtk ~
cells was analyzed as described in the legend to Fig. 2. Lane C,
full-length MSTK provirus control clone (5 kbp) described in the
legend to Fig. 2.
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of the rates shown in Tables 1 and 2). The majority of the
mutations (36 of 41) were the result of gross rearrangements,
and about half of them were the result of an identical deletion
involving 30-bp direct repeats (Fig. 2 to 4 and data not shown).
Since such direct repeats would normally not be found between
the primer binding site and the polypurine tract of a retrovirus
genome, the 14.4% mutation rate is probably an overestima-
tion of the actual rate. Excluding mutations involving the 30-bp
repeats (19 of 41), the rate is 7.7%, which is probably a more
accurate reflection of the mutation rate.

In the MSTK vector, the potential target size is 2.7 kbp,
which includes the SNV U3 promoter, the tk gene, and 1.0 kbp
of flanking sequence not required in cis for replication and not
required for Neo protein production. Thus, the rate of genetic
rearrangement is 2.2 X 10 >/bp per replication cycle (i.c.,
0.077/2,700 bp multiplied by 17/22, which excludes rearrange-
ments involving 30-bp repeats). If the measured mutation rate
is extrapolated to replication-competent MOMLYV (8.3 kbp), it
would correspond approximately to the production of one
mutant provirus in every five produced. Although caution
should be exercised in making this extrapolation, this estima-
tion is similar to that observed during MoMLYV replication in
culture in which replication-defective mutants were produced
at a frequency of 33% after a single cycle of replication (34),
which lends support to the significance of our findings. The
rearrangement rate observed in our MoMLV-based vectors is
about five times higher than that obtained with an SNV-based
vector by using a target sequence of 280 bp (27). Further
experimentation is needed to determine whether this discrep-
ancy reflects different properties of the RTs involved or it is
just the result of differences in the experimental protocols used
in the two studies.

Genetic rearrangements are likely to occur during reverse
transcription. The mutations could have occurred during
proviral replication by cellular DNA polymerases, during
proviral transcription by RNA polymerase 11, or during reverse
transcription by the viral RT. Because of its high fidelity,
cellular DNA replication is not likely to contribute significantly
to the high rate of mutation observed. The high rate of gene
rearrangement suggests that the polymerase responsible for
the rearrangements exhibits low processivity. In vitro measure-
ments have shown that RT polymerizes DNA with lower
processivity than do other replicative polymerases (reviewed in
reference 16), probably because of its need to switch templates
twice during normal retroviral replication (26, 27). Although
an important role for RNA polymerase II in the generation of
the observed mutations cannot be excluded, it would seem that
gross rearrangements are more likely to occur during reverse
transcription because there is no obvious mechanism for
keeping an incomplete transcript in close proximity to RNA
polymerase II if it dissociates from the template. On the other
hand, if an incomplete reverse transcript dissociates from its
template, it still remains in close association with numerous
RT molecules in a core particle.

It should be noted that another mechanism independent of
polymerase errors could result in generation of gross muta-
tions. Such mutations could arise as a result of aberrant vector
viral RNA processing. For example, if cryptic splice sites are
present in the exogenous sequences inserted into the vector,
splicing would produce defective vector viral RNA by remov-
ing vector sequences. If such an RNA was packaged, it could
then serve as a template for reverse transcription generating a
provirus with a deletion. However, in this study, this does not
seem to be the case since analysis of the junctions in the
deletion mutants did not reveal any concordance with consen-
sus splice junctions (Fig. 3).

J. ViroL.

Homologous as well as nonhomologous recombination is
involved in vector rearrangement. Sequence analysis of a
number of deletion mutants suggested that homologous as well
as nonhomologous recombination was involved in the genera-
tion of rearrangements. Some of the deletions observed most
likely resulted from misalignment between direct repeats
present in the target sequences (Fig. 3A and B). Similar types
of rearrangements involving direct repeats have been observed
for deletions obtained with SNV-based vectors (27, 29) and
avian sarcoma virus (24). As previously proposed, deletions
involving two direct repeats presumably occur while the RT
copies the first of the direct repeats and the growing DNA
strand misaligns with the second direct repeat found down-
stream in the template (27, 29, 43).

We observed a mutation in which nonhomologous se-
quences were involved in the deletion of about 1.8 kbp (Fig.
3C). In this mutant, only an A residue was common to both
endpoints. Deletions of sequences flanked by divergent se-
quences with only one base in common have been observed in
other retroviruses (29, 41). These mutations suggest that the
retroviral RT is capable of strand transfer between templates
with little or no sequence similarity.

Transduction of MoMLY eny sequences. Two similar but not
identical MSTK mutant proviruses lost most of the SNV
promoter and rk gene and acquired sequences corresponding
to the 3’ end of the MOMLYV env gene (Fig. 3D and E). One of
them had an additional insert between the vector and MoMLV
env sequences (Fig. 3D) which was found to be homologous to
an internal region of a mouse satellite DNA species (10). The
env sequence transduced by MSTK vector virus is probably
derived from penv, which is an expression vector encoding the
MoMLYV envelope glycoproteins present in GP+E-86 cells
(19). Since these mutant proviruses originated from different
helper cell clones, it is unlikely that they both integrated near
penv DNA in the helper cell clones, thereby generating vector-
penv recombinants. Therefore, it is possible that the mutations
are the result of a double crossover after copackaging of the
vector and penv RNA. This suggests an alternative mechanism
by which retroviruses can transduce cellular sequences without
the need of proviral integration adjacent to the sequence to be
transduced. It should be noted that although the viral encap-
sidation signal and most of the MoMLV 3’ LTR have been
deleted from penv, it shares a 170-bp identity with sequences
present at the 3’ end of vector MSTK starting 3’ to the tk gene
and ending 30 bp within the 3’ LTR. Furthermore, the 5’ LTR
is still present in penv. The proposed mechanism of recombi-
nation is shown in Fig. 5. This model suggests that both
homologous (3’ junction) and nonhomologous (5’ junction)
strand transfers occurred during minus-strand DNA synthesis.

In the case of the mutant provirus depicted in Fig. 3D, an
additional strand transfer event involving transcripts derived
from the centromeric satellite DNA would have been needed
to produce the 30-bp insertion at the 5’ junction. The helper
cells used in this study have not been analyzed for the presence
of such transcripts; however, it has been reported that satellite
DNA is transcribed in a variety of rodent cells. For example,
centromeric satellite DNA transcripts have been detected in
mouse senescent cardiac muscle (8), in mouse L cells (4, 9),
and in cultured rat hepatoma cells (33). Thus, it seems possible
that these sequences were transduced during reverse transcrip-
tion using copackaged satellite RNA as a template.

The finding that two independently generated mutants ac-
quired MOMLYV env sequences suggests that their appearance
is not a rare event. This high frequency could be the result of
more efficient copackaging of the MOMLYV env mRNA than of
other cellular RNAs, which would result in a concomitant
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R/US U3/R

MSTK
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R/US penv tus

FIG. 5. Model for the generation of mutants with deletions com-
bined with insertions of MOMLYV env sequences. Structures of the
mRNAs derived from the retroviral vector MSTK and the expression
vector penv are shown. ¥ represents the encapsidation signal present
only in the MSTK vector RNA. The hatched box represents untrans-
lated sequences. The jagged lines in the vector penv represent trunca-
tion of pol and LTR sequences produced during its construction. The
R, U5, and U3 elements of the LTRs are shown. tU3 represents the
truncated U3 present at the 3’ end of the penv RNA. The shaded area
corresponds to region of homology between the two vectors at their 3’
ends, and the arrow represents the minus-strand DNA being synthe-
sized, showing the two template switches between the two mRNAs.
The recombination point within the region of homology cannot be
determined with precision.

increase in the probability of recombination with the MSTK
vector sequences. This seems possible since elements within
the US region have been shown to act as auxiliary sequences
for packaging of MOMLYV genomic RNA in addition to the
already mapped encapsidation signal (23). High levels of penv
expression and its homology with the MSTK vector could also
increase the probability of copackaging and recombination,
respectively. Further analysis is required to determine the
contribution of these possible mechanisms, which are not
mutually exclusive, to the transduction of MoMLYV env se-
quences.

Deletions combined with insertions. Two other mutant
proviruses resulted from deletions combined with insertions.
In one of them, the deletion was combined with an insertion of
three C residues of unknown origin (Fig. 3F). Small insertions
of one or more nucleotides at deletion or recombination
junctions have also been observed for other retroviruses (27,
29, 39, 44). This type of insertion could be the result of a strand
transfer from one deletion endpoint to a template containing
the inserted nucleotide residues and then another transfer to
the template containing the second deletion endpoint. A
second possibility is that the insertions are consequences of
non-template-directed elongation of the nascent DNA chain
by the RT combined with forced copy choice (3). To generate
the insertion in our mutant, three G residues would have been
incorporated during minus-strand DNA synthesis at the grow-
ing end of the molecule upon reaching a nick in the vector
genomic RNA (3’ deletion endpoint), followed by the transfer
to the template containing the 5’ deletion endpoint. Although
the template-directed insertion remains a possibility in the
absence of more experimental evidence, the second alternative
is indirectly supported by biochemical analysis performed with
RT purified from different retroviruses. In those studies, it was
shown that human immunodeficiency virus, avian myeloblas-
tosis virus, and MoMLYV RTs are capable of elongating the end
of a growing DNA strand past the end of the RNA template
molecule by one or several nucleotides (25, 28).

In the second mutant of this class, the insertion was a
sequence of 261 nucleotides which was probably transduced
from the helper cells (Fig. 3G and H). Since the genomic
locations and flanking sequences of the insert and the provirus
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in the helper cells are unknown, it is not possible at this point
to conjecture about the mechanism of transduction involved.
This and some other mutant proviruses which have not been
fully characterized yet but which probably contain insertions of
sequences of up to 1.5 kbp (Fig. 4 and data not shown) present
an opportunity to study retroviral transduction.

Conclusions and perspectives. Our results suggest that at
least some MoMLV-based retroviral vectors can undergo a
high rate of genetic rearrangement. This inference is consistent
with views of retroviral replication as a process that results in
the generation of genetic diversity as well as defective provi-
ruses (3, 13). These results have significance for the utilization
of MoMLV-based vectors for retrovirus-mediated gene trans-
fer, including somatic cell gene therapy. Retrovirus-mediated
gene transfer usually involves a single cycle of replication since
producer cell clones harboring the vector provirus are used as
source of vector virus to infect target cells which do not express
the viral proteins (20). Thus, there could be similar rates of
gene inactivation for genetic units of the size described here. It
should be pointed out, however, that the mutation rate is at
least partly sequence dependent and that mutation rates could
be lower with use of other exogenous sequences. Nevertheless,
even a rate of gene inactivation of 7.7% is likely to be
acceptable for many gene transfer protocols.

In our experiments, only one marker gene in a single vector
was analyzed. The molecular analysis of a greater number of
mutants obtained with this and other vector systems is required
to gain a better insight into the sequence elements affecting the
generation of mutations during retroviral replication. The
effects of the relative positions of the target genes within the
vector as well as the role of cellular factors upon the mutation
rate are issues that deserve careful analysis. This effort will
result in a better understanding of retroviral mutagenesis and
will lead to a more rational design of vectors for applications in
which high genetic stability of the vector is required.
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