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Abstract

Background: Mouse mammary tumor virus (MMTV) is a complex, milk-born betaretrovirus, which preferentially
infects dendritic cells (DC) in the gastrointestinal tract and then spreads to T and B lymphocytes and finally to the
mammary gland. It is not clear how the prototypic betaretrovirus infects mucosal DCs and naive lymphocytes as
these cells are considered to be non-proliferative. Studies of MMTV biology have been hampered by the difficulty
of obtaining sufficient virus/vector titers after transfection of a molecular clone in cultured cells. To surmount
this barrier we developed a novel MMTV-based vector system with a split genome design containing potent
posttranscriptional regulatory functions.

Results: Using this system, vector particles were produced to markedly greater titers (>1000-fold) than those
obtained previously. The titers (>10° transduction units /ml) were comparable to those achieved with lentiviral or
gammaretroviral vectors. Importantly, the vector transduced the enhanced green fluorescence protein gene into the
chromosomes of non-dividing cells, such as cells arrested at the G,/M phase of the cell cycle and unstimulated
hematopoietic progenitor cells, at an efficiency similar to that obtained with the HIV-1-based vector. In contrast to
HIV-1, MMTV transductions were not affected by knocking down the expression of a factor involved in nuclear import
of the HIV-1 pre-integration complexes, TNPO3. In contrast to HIV-1, the MMTV-based vector did not preferentially
integrate in transcription units. Additionally, no preference for integration near transcription start sites, the regions
preferentially targeted by gammaretroviral vectors, was observed. The vector derived from MMTV exhibits a random
integration pattern.

Conclusions: Overall, the betaretroviral vector system should facilitate molecular virology studies of the prototypic
betaretrovirus as well as studies attempting to elucidate fundamental cellular processes such as nuclear import
pathways. Random integration in cycling and non-cycling cells may be applicable in unbiased gene delivery.
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Background

Mouse mammary tumor virus (MMTYV) is a milk-born
betaretrovirus associated with mammary adenocarcinomas
in mice [1]. Unlike other retroviruses, MMTV displays a
high degree of tissue specificity in vivo. Expression of
MMTYV is mainly limited to the mammary gland, where
the virus replicates extensively, particularly during lac-
tation when the levels of glucocorticoid hormone rise.
Replication of MMTYV during lactation ensures efficient
transmission of the virus from mother to offspring. In
the infected animals, the virus preferentially infects
dendritic cells, naive B and T lymphocytes and is subse-
quently transmitted to the mammary gland where it
ultimately infects mammary epithelial cells [2,3]. The
cell types targeted at the initial stages of infection are
reminiscent of the cell types infected by the prototypic
lentivirus, human immunodeficiency virus type 1 (HIV-1).
Macrophages and dendritic cells at the mucosal surface
are the first immune cells targeted by HIV-1. Although
these cells are terminally differentiated and as such non-
proliferative, they are efficiently productively infected by
HIV-1. MMTYV, like HIV-1, initiates infection of the host
organism by infecting the mucosal dendritic cells. Never-
theless, the possibility that it is capable of infecting non-
proliferating cells has not been experimentally tested.
Studies of the prototypic betaretrovirus have been ham-
pered due to a low virus production from natural virus
producers (such as cell lines derived from mammary tu-
mors), as well as insufficient MMTV-based vector produc-
tion after transfection of molecular clones into cultured
cells. This is a result of the complex regulation of virus gene
expression, which is dependent not only on the glucocortic-
oid hormone, stimulating the MMTYV promoter, but also
on a functional analogue of the HIV-1 Rev protein, Rem.
[4-6]. Rem, like Rev, binds to its responsive element on viral
RNA, the ribonucleoprotein complex is then recognized by
a cellular factor CRM1, recruited to the nuclear pore com-
plex and exported to the cytoplasm [7-10].

Understanding of the regulation of gene expression en-
abled us to design and construct a novel MMTV-based
vector system analogous to the third generation lenti-
viral vectors. Replication-incompetent vectors, pseudo-
typed with the G protein of the vesicular stomatitis
virus (VSV-G), were produced to ~1000 fold greater
titers than those obtained previously. The high titer
vector production allowed us to address the question of
whether MMTYV is capable of infecting non-mitotic
cells such as y-irradiated cell lines and un-stimulated
hematopoietic stem cells. Here we provide the first
direct evidence that MMTV-based vector transduces
non-proliferating cells, thereby explaining its ability to
infect cells such as mucosal dendritic cells and naive B
lymphocytes. The prototypic betaretrovirus can thus be
added to the small group of retroviruses that are capable
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of infecting cells independently of cell cycle progression.
In contrast to other retroviruses, however, the MMTV
pre-integration complex does not seem to require a cel-
lular factor TNPO3 for nuclear import. Additionally,
the high titer MMTV-based vector exhibits, regardless
of whether cycling or non-cycling cells were transduced,
a random integration pattern reminiscent of the un-
biased integration profile previously demonstrated for
the wild type MMTV [11]. This property distinguishes
MMTV-based vector from other vectors derived from
gammaretroviruses and lentiviruses, which preferentially
integrate near transcriptional start sites and within genes,
respectively [12,13].

Results

Description of MMTV-based vector with a split genome
design

To overcome the difficulty to produce MMTYV vector
to high titers that would enable in-depth studies of
molecular virology of the prototypic betaretrovirus, we
developed a novel betaretrovirus vector production sys-
tem. Analogously to the third generation of lentiviral
vector system, four-plasmids were used to generate
MMTV-derived retroviral vector particles by transient
transfection [14]. The conditional packaging construct,
pCMVgpRRE17, contains the human cytomegalovirus
immediate early promoter (CMV), which drives the ex-
pression of the structural and enzymatic components
of MMTYV. The plasmid contains the Mtv-1 sequences
upstream of the EcoRI site in pol and a sequence derived
from the exogenous virus from GR mice [MMTV(GR)]
downstream of this site (Figure 1A, the integrase-coding
portion of pol is derived from the MMTV(GR)). The pack-
aging signal () was deleted from the 5’leader region [15]
and the plasmid is defective for the production of the viral
envelope protein. A bovine growth hormone polyadenyla-
tion signal (BGH pA), cloned in place of the 3'LTR, serves
as transcriptional termination signal. Analogously to other
complex retroviruses, efficient expression of the MMTV
gag and pol genes requires the presence of a cis-acting
posttranscriptional regulatory element, which allows bind-
ing of a viral RNA export factor and thereby facilitates the
accumulation of RNA in the cytoplasm [7,8]. Therefore,
the HIV-1 Rev responsive element (RRE) was inserted
downstream of the pol gene and the resulting plasmid was
cotransfected with a Rev expression vector into HEK293T
cells (Figure 1A) [14]. To broaden vector’s tropism and
enhance its stability and titer, we used a plasmid encod-
ing a heterologous envelope protein, derived from ves-
icular stomatitis virus (VSV-G), for pseudotyping the
particles generated by pCMVgpRRE17 [16,17]. A
chimeric transfer vector, pPRRpCeGFPWPRE25, derived
from the MMTV molecular clone pGR102 [18] contains
all the cis-acting sequences of the virus genome
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Figure 1 MMTV-based vector system. (A) Schematic representation of the MMTV provirus and the four-plasmid expression system used for
generating MMTV-based vectors. For the MMTV provirus the regions encoding structural, enzymatic and accessory proteins are shown. The splice
donor (SD) and acceptor (SA) sites with their nucleotide coordinates, the long terminal repeat (LTR), the Rem responsive element (RmRE) and the
packaging signal are also indicated. In the transfer vector, pRRpCeGFPWPRE25, the truncated gag gene is followed by the Rev responsive element
(RRE) from HIV-1 and the internal CMV promoter that drives the expression of enhanced green fluorescent protein (EGFP). Woodchuck hepatitis
virus posttranscriptional element (WPRE) upstream of the 3’ LTR is also indicated. In the packaging construct pPCMgpRRE17, the restriction sites
used for the construction of this chimera, SD, SA, RRE and the beta globin polyadenylation signal (3g pA) are shown. The Rev-encoding plasmid

(pRSV-Rev) and the VSV-G envelope protein-encoding plasmid (pHCMV-G) have been previously described [14,22]. (B) and (C) Infectious titers

of VSV-G-pseudotyped vectors (transduction units [TU]/ ml) determined by flow cytometric analysis on transduced Hela cells three days post
transduction using un-concentrated (B) or concentrated (C) supernatant from transfected 293 T cells. The mean values from three infection
replicates are shown, together with the standard deviations (SD). (D) Time-course analysis of EGFP positivity after single exposure of Hela cells to
the MMTV- or HIV-1-based vectors. The cells were analysed by FACS at various time points (days 3-48) after transduction. Transductions were performed
in triplicate. All values are means + SD. The nucleotide coordinates are based on the prototypic MMTV strain BR6 (GenBank Acc. no.15122).

required for packaging of the vector RNA and for its
reverse transcription and integration into the host
genome. The 5° leader sequence [containing the primer
binding site (PBS)], ~ 400 base pairs of gag, the 3'end of
env, [carrying the polypurine tract sequence (ppt)] and the
3'LTR were included in the pRRpCeGFPWPRE25 vector.
To ensure efficient and hormone-independent transcrip-
tion, the U3 region of the Rous sarcoma virus (RSV) LTR,
containing the enhancer/promoter, was substituted for the
U3 region of the MMTV 5'LTR. The substitution was
made in such a manner as to preserve the transcription
initiation site of MMTV. The posttranscriptional regula-
tory element of woodchuck hepatitis virus (WPRE) and
RRE sequences were inserted into the transducing vector
to stabilize RNA and allow efficient nuclear export of full-
length vector transcripts in the presence of the regulatory
protein expressed in trans [19,20]. The Rem responsive
element (RmRE), which spans the env-U3 junction, is also
present in the construct containing the complete 3'LTR
[9,21]. The enhanced green fluorescent protein (EGFP)
gene, driven by the CMV promoter, was used as a reporter
(Figure 1A).

High-titer vector production upon co-transfection of the
four-plasmids into HEK 293 T cells

Replication-defective MMT V-based vector particles were
generated by transient co-transfection of the four plas-
mids into HEK293T cells. As controls, third generation
HIV-1-derived packaging and transducing vectors and
stable MLV vector producers were used [14,23,24]. VSV-G
pseudotyped vector particles from various transfectants
were filtered and assayed for transduction efficiency on
HeLa cells. MMTV-based EGFP-carrying vectors yielded
titers of 1.3 x 10°+3.5 x 10° transduction units (TU)
per milliliter (ml) of unconcentrated supernatant and
mean fluorescence intensity (MFI) of 560 + 157 (Additional
file 1: Figure S1). This titer was comparable to that obtained
with both the HIV-1-based vector produced by the same
method (4.6 x 10°+2.0 x 10° TU/ml; MFI = 1585 + 275)
and the stably produced MLV-based vector (2.8 x 10°+

9.2 x 10° TU/ml; MFI =324 + 26) (Figure 1B). Infectious
MMTYV vector titers above 1 x 10® TU/ml were obtained
after concentration by ultracentrifugation (Figure 1C). Fur-
thermore, the pseudobetaretrovirus vector-transduced cells
remained EGEP positive for at least seven weeks after trans-
duction, suggesting that the vector was stably integrated
into the host genome (Figure 1D).

SIN design of MMTV-based vector does not decrease
vector titer

To reduce genotoxic potential of the MMTYV vector har-
boring a potent enhancer element and to avoid promoter
interference, we also generated two self-inactivating (SIN)
variants of the transfer vector by leaving out most of the
1.2 kb 3’ U3 region (Figure 1A, inner panel). In both SIN
variants the attachment site, required for the interaction
with the integrase, was maintained (~50 bp). In the first de-
letion construct (pRRpCeGFPWPRE25_1293), the com-
plete promoter/enhancer region, including the TATA box,
was removed, leaving only the core elements of pre-mRNA
processing signals (cleavage and polyadenylation specificity
factor [CPSF] and cleavage stimulating factor [CstF] re-
cognition motifs). The second SIN vector (pRRpCeGFPW
PRE25_1218) contained, in addition to the CPSF and the
CstF recognition motifs, additional cis-acting elements
including the U-rich region and CF I, recognition motif,
involved in the regulation of mRNA polyadenylation
[25,26]. When the SIN vector with the longer deletion,
pRRpCeGFPWPRE25_1293, was used for transduction,
the titers determined were approximately 20% of those
obtained with the parental vector carrying an intact 3’
LTR. This vector also exhibited a moderately decreased
MFI when compared to the parental vector. In contrast,
the vector pRRpCeGFPWPRE25_1218, yielded titers
slightly greater than the parental vector (Additional file 1:
Figure S2A and S2B). As expected, absence of the enhan-
cer abolished hormone responsiveness and no increase in
the vector RNA levels could be detected in transduced
cells upon dexamethasone stimulation (Additional file 1:
Figure S3).
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MMTV-based vector transduces cells arrested in the cell
cycle

In contrast to HIV-1 and other lentiviruses, most oncor-
etroviruses require cell division to enter the host cell
genome and integrate viral DNA in the chromosomes
[27-33]. Little is known about MMTV’s ability to infect
non-dividing cells. In vivo, the milk-transmitted MMTV
crosses the gut and preferentially infects naive B lym-
phocytes and dendritic cells in the gastrointestinal tract,
which are generally non-proliferative [3,34]. This sug-
gests that MMTYV has the capacity to infect non-cycling
cells.

To assess whether MMTV is able to infect non-
dividing cells we used the high-titer betaretrovirus vec-
tor and we first assessed its ability to transduce cells
arrested in the cell cycle by y-irradiation. HEK 293 cells
exposed to 50 Gy from a linear accelerator source were
arrested in the G,/M phase (Figure 2A). The irradiated
cells and their non-irradiated counterparts were exposed
to MMTV(SIN) vector 24 h after the treatment. Parallel
transductions with HIV-1 and MLV vectors served as
positive and negative controls, respectively. As expected,
transduction of Gy/M-arrested cells with MLV vector
was reduced to 11.1 +3.5% of the level detected in pro-
liferating cells. In contrast, the HIV-1-based vector effi-
ciently transduced non-proliferating cells, giving rise to
titers of 92.4 + 31.6% of those detected on proliferating
cells (Figure 2B and C; 3dpi). Interestingly, the pheno-
type of MMTV(SIN) was similar to that obtained with
the HIV-1 vector. Only a moderate reduction in infectious
titers was detected on arrested cells relative to cycling cells
(93.2 £19.2%) (Figure 2B and C; 3dpi). Importantly, heat
treatment of vectors abolished transduction and the pres-
ence of 3'-azido-3'-deoxythymidine (AZT) profoundly
reduced the number of EGFP-positive cells (Figure 2C).
Together, these results indicated that the presence of
EGFP cannot be attributed to pseudotransduction events
resulting from a passive transfer of EGFP protein or plas-
mid DNA.

To ascertain whether the wild-type virus can also infect
non-proliferating cells, we tested the infectivity of the GR
strain of MMTV [MMTV(GR)] on the y-irradiated cells.
As shown in Figure 2D, an MMTV(GR)-specific PCR
product was detected in G,/M-arrested cells infected with
the virus but not in cells infected with a heat-treated virus
or in cells cultured in the presence of AZT. Collectively,
the results indicate that both the wild-type virus and the
MMT V-derived vector are able to infect non-proliferating
cells.

Transduction of hematopoietic stem cells

As the MMTV(SIN) vector transduces G,/M-arrested
cells, we next investigated whether the vector can also
transduce quiescent hematopoietic stem cells (HSC).
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These cells, which represent attractive targets for gene
therapy applications, do not divide unless stimulated with
cytokines. Bone marrow-derived human hematopoietic
stem cells (CD34+) (Figure 2E) were cultured in StemSpan
serum-free medium (StemCell Technologies) either with-
out supplements or supplemented with a cocktail of
early-acting cytokines (rhIL-6, rhSCF, rhFlt-3 ligand and
rhTPO). The primary CD34+ cells were seeded at a con-
centration of 1.5 x 10° cells/ml and MMTV(SIN) vector
or HIV-1 vector (1.5 x 10" TU/ml) was applied. A direct
comparison of the betaretroviral and lentiviral vectors,
performed by UV microscopy and flow cytometry on day
16 post-transduction, showed that the transduction rates
of the two vectors did not differ markedly. As expected,
the HIV-1-based vector transduced the CD34+ cells re-
gardless of whether the cells were stimulated with cyto-
kines. Only a slightly reduced transduction rate was
detected when the cells were grown in the absence of cy-
tokines. Importantly, the MMTV-based vectors also trans-
duced the human primary HSC grown without cytokines
and the transduction efficiency of the betaretrovirus-based
vector was comparable to that of the lentivirus-derived
control vector (Figure 2F and G).

Similar results were obtained when the performance of
the HIV-1 and MMTYV vectors was directly compared in
cultured lineage negative HSC derived from the murine
bone marrow. Both vectors transduced the lineage nega-
tive cells cultured in the absence or the presence of the
cytokine cocktail comprising of rmIL-3, rmSCE, rmFIt-3
ligand and rmTPO. Although the transduction rate of
the MMTYV vector was reduced in the absence of cyto-
kines (by about three-fold), under these conditions the
MMTYV vector was more efficient than the lentiviral vector
(Additional file 1: Figure S4). These results demonstrate
the potency of the newly designed betaretroviral split
packaging system for transducing human and murine
HSC in the absence of cell division.

TNPO3 depletion does not lead to a reduction of MMTV
infectivity

Infection of non-dividing cells, which have an intact nu-
clear membrane, requires the active import of a viral
nucleoprotein complex [pre-integration complex (PIC)]
through the nuclear membrane pores. The mechanisms
exploited by lentiviruses to infect non-cycling cells have
been a subject of debate. It appears that lentiviruses use
several nuclear import pathways to gain access to the host
chromosomes. One of the pathways includes a member
of the nuclear pore complex Nup358/RanBP2 and a
member of the karyopherin  superfamily of proteins,
TNPO3/Transportin 3 [35-37]. These proteins associate
with the HIV-1 capsid (CA) protein, which, at least to
some extent, remains in the pre-integration complex
(PICs) and promote nuclear import [38]. To ascertain
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Figure 2 Transduction of non-dividing cells. (A) 293 cells were exposed to ionizing radiation (50 Gy) and 24 h later (at the time of transduction)
stained with propidium iodide and analysed by flow cytometry. Non-irradiated cells used as a control showed a well defined G, peak. Exposure to
radiation resulted in an accumulation of virtually all cells in the G,/M stage of the cell cycle. (B) The irradiated and non-irradiated cells were transduced
with MMTV-based vector. As positive and negative controls, for transduction of non-dividing cells, vectors derived from HIV-1 and MLV were used.
The transduced cells were analysed by UV microscopy and FACS analysis 3 days post transduction. (C) Viral titers expressed as percentages of titers
obtained on dividing cells (black columns). The cells of one set of transduced irradiated cells were exposed to AZT (10 uM, white columns). Another
control is represented by a heat-treated vector (65°C, 10 min, grey columns). For the controls, the titer is given as a percentage of titers observed on
untreated cells. Error bars indicate standard deviation from the mean of three independent transduction experiments. (D) The irradiated cells were
infected either with MMTV(GR) or the same virus treated with heat (65°C, 10 min). The infected cells were cultured in the absence or presence of AZT
(GR + AZT) for 7 days. MMTV-specific PCR was used to detect the presence of MMTV provirus in the infected cells. GAPDH-specific PCR with equivalent
DNA amounts was used as control. (E) The purity of bone marrow-derived CD34+ preparations was verified by flow cytometry using an anti-CD34-PE
antibody. (F)+ (G) The hematopoietic progenitor cells (1 x 10° cell/ml) transduced with the MMTV-or HIV-based vector (1 x 107 TU/ml) were

(G) and flow cytometric (F) analysis of transduced cells are shown.

cultured in the presence or absence of growth factors for 16 days and analysed by UV microscopy and FACS. Representative figures of microscopic

whether the nuclear entry of MMTV PICs is also
dependent on TNPO3, we knocked down the expres-
sion of the karyopherin in HeLa cells and followed the
transduction levels in these cells. As expected the de-
pletion of TNPO3 resulted in a reduction of the HIV-1
vector infectivity (Figure 3A and B). In contrast, trans-
duction levels of the MMTYV vector were not affected
by the siRNA treatment (Figure 3A). Thus, the results
suggest that MMTYV exploits a nuclear import pathway that
is distinct from the TNPO3/RanBP2-dependent pathway.

Neutral integration of MMTV-based vector

To investigate the genomic distribution of the integrated
vectors, we mapped the location of integration sites in
the transduced HeLa cells [MMTV and MMTV(SIN)]
and y-irradiated 293 cells [MMTV(SIN)arrest] (3 dpt) by a
ligation-mediated polymerase chain reaction (LM-PCR)
followed by 454-pyrosequencing. After a stringent quality
control and dereplication, 254 (MMTV), 585 [MMTV
(SIN)] and 671 [MMTV(SIN)arrest] unique integration
sites unambiguously mapped to the human genome draft
hg18. As a first step to analyze the determined integration
sites we assessed the frequency of integrations within the
Reference Sequence genes (RefSeq, National Center for
Biotechnology Information) and regions proximal to
transcription start sites (TSS), the features displaying
marked integration-targeting differences among retrovi-
ruses [12,13,39-42]. The random, computationally gener-
ated, integration frequencies (n =100 000) and previously
identified integration sites for HIV-1 and MLV vectors
[12,13,39] were used as controls. The integration frequen-
cies of the MMTYV vectors in the proximity (+2 kb) of TSS
was not increased relative to random control [MMTV
(SIN) =3.7%, [X?, P=0.29]; MMTV =2.6%, [X?, P =0.73];
MMTV(SIN)arrest = 2.8%; [X>% P =0.81]; random = 3.0%]
(Figure 4A). This strongly contrasted with the integration
pattern of MLV vector, which preferentially targets TSS
(MLV = 15.7%, [X?, P < 0.0001]) [12].

A significantly lower MMTYV vector integration frequen-
cies relative to HIV-1 and MLV integration frequencies
were observed when targeting within RefSeqs was analyzed.
In contrast to HIV-1 and MLV, MMTYV vectors integrated
in RefSeq genes with the frequency indistinguishable
from that of random placements [MMTV(SIN) (43.6%,
[X? P=0.65]); MMTV (44.1%, [X>, P=0.58]; MMTV
(SIN) arrest=43.9%, [X% P=0.56]; random = 40.3%)
(Figure 4B and C). Similar picture was obtained when
we analyzed the distribution of integration sites as a
function of gene density. Significanty less MMTYV inte-
grants than HIV-1 and MLV integrants were found in
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Figure 3 Effect of TNPO3 knockdown on transduction efficiency
of MMTV and HIV-1 vectors. (A) Hela cells transfected with the
TNPO3-specific or non-silencing siRNA were transduced with HIV-1
and MMTV vectors 48 h after transfection. At 48 h post transduction
cells were harvested and the percentage of EGFP-positive cells was
determined by flow cytometry. Transduction efficiency in TNPO3-specific
siRNA-treated cells relative to control siRNA-treated cells is shown. Results
represent mean values + standard deviation of three independent
experiments. (B) The expression levels of TNPO3 at the time

of transduction (48 h post transfection) were determined by
immunoblotting with an anti-TNPO3-specific antibody. Equivalent
loading and blotting was confirmed by membrane re-probing
using an anti-actin-specific antibody.
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Figure 4 Distribution of integration sites. (A) Distribution of MMTV (n =254), MMTV(SIN) (n = 585), MMTV(SIN)arrest (n=671), HIV-1 (n = 3246)
and MLV (n = 885) integration sites within a 20 kb window centered on Transcription Start Sites (TSS). The vertical dashed line shows TSS (0 kb).
The integration sites were binned to 1 kb or 3 kb sequence windows and plotted as the percentage of all integrations per kb. The distribution of
a set of 100 000 computationally-generated random integration sites is represented by the dotted horizontal line. (B) Integration site preferences
of retroviral vectors relative to random control. Tile color code indicates whether the vector integrations departure (red) or not (green) from random
control. The numbers represent the Chi-square p-values. P < 0.01 was considered as a significant difference from random dataset. (C) Distribution of
integration sites within RefSeq genes (hg 18). Differences between virus integrations and random control were analyzed by a Chi-square test.

the regions with a high gene density (Figure 4B, Additional
file 2: Figure S7). The MMTYV vectors also integrated less
frequently within cancer-related genes (Additional file 2:
Figure S7, Additional file 3: Tables S1 and Additional
file 4: Table S2). Further, analysis of integration frequency
relative to a collection of other genomic features showed
that MMTYV vectors do not specifically target any of these
regions (Figure 4B, Additional file 2: Figure S5 and S6).
The only significant difference between random dataset
and MMTV-vector integration sites [MMTV; MMTV
(SIN)arrest] was detected for integrants mapped to the
short interspersed nuclear elements (SINEs) (Figure 4B
and Additional file 2: Figure S6).

Together, these results showed that MMTYV vectors,
like the wild type virus [11], do not preferentially target
TSS, genes and most of the other genomic features ana-
lyzed. The semi-random integration phenotype strongly
contrasts with the phenotype of y-retroviruses and
lentiviruses, which preferentially target TSS and genes,
respectively.

Discussion

Mouse mammary tumor virus (MMTV) has served as an
important model in breast cancer research. The gluco-
corticoid hormone-responsive promoter has been exploited
for conditional gene expression in cell culture as well as for
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preferential expression in organs such as the mammary
gland. However, development of an efficient MMTV-
derived vector has been hampered by the low vector titers
obtained after transfection into cultured cells [4-6]. The
failure to produce a high titer vector could result from low
cytoplasmic levels of vector RNA attributable to insufficient
expression of a functional homologue of the HIV-1 Rev
protein, termed Rem. Rem interacts with a Rem-responsive
element (RmRE) in viral RNAs and facilitates the cyto-
plamic accumulation of viral transcripts, which are
subsequently either translated into the structural and
enzymatic components of the virus or serve as the viral
genomic RNA [9,21]. To circumvent the difficulty with
low vector titers we produced MMTV-based transdu-
cing particles in HEK293T cells using a four-plasmid
expression system. The first two plasmids, packaging
construct and transfer vector, contain an element from
HIV-1 analogous to RmRE (RRE), which in the presence
of HIV-1 Rev (supplied in trans from the third plasmid)
ensures efficient nuclear export of vector transcripts in
the human kidney cell line (Rev/RRE was used because
Rem/RmRE functioned less efficiently in these cells). The
infectious vector titer obtained with this production sys-
tem (>10° TU/ml) markedly exceeded (~1000-fold) the
titers previously reported for MMT V-based vectors [4,5]
and was comparable to titers obtained with the third gen-
eration of lentivirus-based vector systems and stably pro-
duced MLV-derived vectors [14,24]. The MMTV-derived
transducing particles could be pseudotyped with VSV-G
envelope protein and the pseudoparticles were resistant to
high speed centrifugation, allowing further concentration
to>10° TU/ml.

Comparison of integration specificities of MMT V-based
vectors with other integrating vectors showed that the
high titer MMTYV vector does not have a preference for
integrating within genes or near promoters, the loci
targeted by HIV-1 and MLV vectors, respectively. In con-
trast, irrespective of whether the complete U3 region is
maintained, the vector integrates with a specificity indis-
tinguishable from random integration placements. The
random integration pattern is consistent with the reported
integration profile of wild-type MMTV [11] and suggests
that the MMTYV integrase (IN) does not interact with the
LEDGEF/p75 transcription factor, which is responsible for
targeting HIV-1 into active genes [43]. It remains to be
elucidated whether the MMTYV IN associates with another
cellular factor(s), which leads to the random integration
profile, or whether it is itself the principal determinant of
integration site selection with low-specificity binding to
host DNA. Regardless of the mechanism, our results sug-
gest that MM T V-based vectors may be suitable for appli-
cations in gene therapy, as they would decrease the risk of
mutating and/or activating cellular genes including proto-
oncogenes and tumor suppressor genes. Generation of self
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inactivating variants of retroviral vectors (SIN), repre-
sent another step towards increased biosafety of viral
vectors. We also generated a self inactivating (SIN) vari-
ant that was as infectious as the non-SIN vector. The
SIN vector lacks the potent enhancer element, reducing
the risk of enhancer-mediated activation of neighboring
genes. Whether the use of the randomly integrating
betaretrovirus-based SIN vectors in vivo would represent
a significant safety improvement over other retroviral
vectors remains to be elucidated. MMTYV is transmitted
via the milk and first infects the mucosal dendritic cells
before spreading to T and B lymphocytes in the Peyer’s
patches of the gut [2,3]. MMTV encodes an enzyme
deoxyuridine triphosphate nucleotidohydrolase (dUTPase)
[44]. Although the role of this enzyme in the life cycle of
MMTYV is unknown, dUTPases of non-primate lentivi-
ruses are thought to facilitate viral replication in non-
dividing cells. The enzyme limits dUTPs pools in infected
cells and thereby minimizes the misincorporation of ura-
cils into viral DNA [45]. The fact that MMTV encodes
dUTPase and is able to infect dendritic cells, which are
largely non-proliferative, suggests that the virus may
be able to infect cells regardless of cell cycle progres-
sion. Retroviruses differ widely in their requirements
for mitosis for productive infection of host cells. Some
of them are nearly totally dependent on cell cycle pro-
gression (MLV, spleen necrosis virus), while others
show an intermediate phonotype (avian sarcoma virus)
or seem almost completely independent of cell prolif-
eration (lentiviruses) [27-33].

Our novel high-titer MMTYV vector production system
enabled us to test whether MMTYV is capable of infecting
non-mitotic cells. We found that the MMT V-based vector
transduced cell cycle-arrested cells as well as unstimulated
hematopoietic stem cells with the same efficiency as the
HIV-1-based vector. The results are unlikely to stem from
a leaky cell division of target cells as transduction with the
control cell cycle-dependent MLV-based vector was mark-
edly reduced. Pseudotransduction events can also be ruled
out as EGFP expression was either not detected or was
markedly reduced after transduction with heat-treated
vector or when AZT was added to culture medium. The
vector cDNA was integrated into the host genome as con-
firmed by LM-PCR, which identified 671 unique vector-
host junctions. Thus, we conclude that reporter gene
expression is the result of legitimate, reverse transcrip-
tion-dependent, transduction of non-cycling cells.

The ability of lentiviruses to cross the intact nuclear
membrane of a host cell accounts for their capacity to
efficiently replicate in a mitosis-independent fashion.
The mechanism by which nuclear entry is achieved is
not completely understood.

According to one model the lentiviral capsid protein
(CA) is the major determinant of lentivirus’ ability to
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infect non-mitotic cells [46]. Presumably, an interaction
between cellular factor(s) and lentiviral CA affects virus
uncoating, thereby influencing downstream events such
as nuclear import and integration [35,36,38]. Genome-
wide screens using siRNA technology identified a pleth-
ora of cellular factors that, when depleted from target
cells, reduced the susceptibility of cells to HIV-1 [37,47].
One of them is TNPO3, a karyopherin known to be
involved in the nuclear import of serine/arginine-rich
splicing factors. TNPO3 has been proposed to promote
also the nuclear import of CA-containing PICs via a
pathway that involves a large cyclophilin-related nuclear
pore protein RanBP2 [37]. We found that TNPO3 is
dispensable for infections with MMTV. In contrast to the
HIV-1-based vector, transductions with the MMTYV vector
were not reduced when TNPO3 was depleted from target
cells. The result suggests that MMTYV uses an alternative,
TNOP3-independent nuclear entry pathway. This pathway
may be the same as that employed by feline immunodefi-
ciency virus (FIV) and the HIV-1 carrying the N47D substi-
tution in CA [35,38]. Recently, it has been demonstrated
that the MMTYV CA localizes within the nucleus, further
corroborating the importance of the protein for nuclear
localization of the MMTYV PICs [48].

Conclusions

We have demonstrated that MMTV may be used as a
basis for the construction of a high-titer betaretroviral
vector for unbiased delivery of transgenes into host
genomes. Comparable efficiency of both the SIN and
non-SIN constructs in transferring EGFP offers various
possibilities for using MMTV-based vectors. The non-
SIN vector may be used as a hormone-regulated retro-
viral vector, while the SIN vector, lacking the enhancer,
may be used for the relatively safe delivery of genes
into target cells.

The present study describes for the first time several
aspects of the betaretroviral life cycle. We provide evi-
dence explaining MMTV’s natural tropism for infection
of mucosal dendritic cells and naive B-cells