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Retroviruses are cellular parasites that have evolved to deliver and inte-
grate their nucleic acids to the host chromosomes. Therefore, they have 
been converted into gene delivery vehicles (vectors) and used for the ef-
fective transduction of genes in tissue culture cells as well, as for ther-
apeutic gene transfer approaches. Until recently, vectors derived from 
mouse mammary tumor virus (MMTV) were inefficient in gene delivery. 
However, recent advances in betaretrovirology revealed the underlying 
obstacles that prevented the conversion of MMTV to an efficient gene 
delivery vehicle and allowed the construction of a high-titer MMTV-based 
vector system with a split genome design. The vector combines several 
desirable properties of retroviral vectors such as random integration into 
the host chromosomes and the capability to transduce genes into non-di-
viding cells. This article will discuss the latest developments and the re-
maining challenges in utilizing MMTV-based vectors in gene delivery. 
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RETROVIRUS-BASED  
VECTOR DEVELOPMENT
The field of retroviral vector devel-
opment is evolving rapidly. Since 
the introduction of the first ret-
rovirus-based vectors in the early 
1980s, they have been widely used 

for gene or protein delivery into 
cells in vitro as well as in vivo [1–3]. 
Due to the unique characteristics of 
retroviruses, retrovirus-based means 
of gene or protein delivery are su-
perior (with respect to efficien-
cy) to non-viral transfer methods. 

Detailed knowledge of retrovirus 
biology, including an understanding 
of the retrovirus life cycle, genome 
structure and virus particle organi-
zation, paved the way for the devel-
opment of various retrovirus-based 
technologies for the delivery of 
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genes or proteins to target cells. This 
includes the generation of: integra-
tion-competent retrovirus vectors; 
integration incompetent episome 
transfer vehicles; mRNA delivery 
tools; and finally protein transfer 
vector particles. The different tech-
nologies can also be combined to 
achieve co-delivery of a protein of 
interest, together with an RNA or a 
donor DNA template. 

Retrovirus-based vectors have 
been developed from members of 
all seven genera of the Retroviridae 
family. The most commonly used 
vectors in the laboratory and clin-
ical practice were developed from 
gammaretroviruses (mostly derived 
from murine leukemia virus [MLV]) 
and lentiviruses (mostly derived 
from human immunodeficiency 
virus type-1 [HIV-1]). They are, 
in most cases, used for long-term 
transgene expression and perma-
nent cell modification. Historically, 
gammaretroviral vectors were the 
first vectors to be used in gene ther-
apy clinical trials. Due to a simple 
genome organization, knowledge 
of the complete MLV sequence and 
the establishment of a stable pack-
aging cell line for the production of 
replication-incompetent retroviral 
particles, MLV-based vectors were 
used to correct genetic defects of 
immunocompromised patients [4–

6]. Stably corrected immunological 
phenotype in the vast majority of 
the patients confirmed applicabil-
ity of retrovirus-based gene deliv-
ery for gene therapy applications. 
However, these clinical trials also 
uncovered drawbacks of the ear-
ly generation MLV-based vectors; 
namely, their potential genotoxicity 
leading to adverse effects that cul-
minated in tumorigenesis in some 
human patients [7]. Since then, the 
safety profile of MLV-based vectors 

has been markedly improved. The 
long terminal repeats (LTRs) have 
been modified such that after vec-
tor integration two promoter- and 
enhancer-less LTRs flank the trans-
gene of interest whose expression is 
driven by a heterologous promot-
er [8]. Furthermore, insulator se-
quences have been inserted into the 
residual U3 regions of the 3´LTR to 
further reduce any undesired effects 
of insertional mutagenesis. Great 
effort has been invested into the 
characterization of the undesired 
propensity of the gammaretroviral 
vectors to integrate in the vicinity 
of the promoter and enhancer re-
gions in the host chromosomes. 
Cellular BET proteins were found 
to interact with MLV integrase and 
direct the virus integration into 
the transcription start sites [9–11]. 
Understanding of the underlying 
mechanism responsible for the 
non-random promoter-directed 
MLV integration profile may pave 
a way to re-directing integration to 
safer genomic loci. Another limita-
tion of gammaretroviral vectors is 
their inability to transduce genet-
ic material to non-dividing cells. 
This stems from the inability of 
the MLV pre-integration complex 
(PIC) to traverse the nuclear pores 
[12]. Thus, breakdown of the nucle-
ar membrane during mitosis is es-
sential for entry of the MLV DNA 
into the host genomes. Most tissues 
consist of differentiated, non-di-
viding cells, therefore MLV-based 
vectors are not applicable for gene 
delivery to these tissues. 

This restriction does not apply 
to vectors derived from lentivirus-
es. They can cross the intact nucle-
ar membrane via the nuclear pore 
complexes and access the host cell 
chromatin of non-mitotic cells. 
The ability of lentiviral vectors to 
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transduce non-dividing cells is giv-
en by the fact that HIV-1 and other 
lentiviruses can replicate in certain 
quiescent or terminally differentiat-
ed cells such as macrophages or mi-
croglia [13,14]. The lentiviral PICs 
carry karyophilic signals mediating 
interaction with the components 
of cellular nuclear import machin-
ery such as TNPO3 and RANBP2 
proteins leading to translocation 
of PICs across the nuclear mem-
brane [15,16]. Due to this property, 
lentivirus-based vector have been 
developed to transduce genes into 
hard-to-transduce cells including 
neurons and hematopoietic stem 
cells [17,18], and  have thus become 
the most popular vectors for use in 
retrovirus-based gene therapy trials. 
Apart from their ability to trans-
duce cells regardless of cell cycle sta-
tus, lentiviral vectors are also com-
monly used due to their integration 
pattern, which is distinct from that 
of gammaretroviruses. Specifically, 
lentiviruses do not preferentially in-
tegrate near enhancers, transcription 
start sites, CpG islands and DNase 
I hypersensitive regions. Instead, 
their integration is targeted to the 
body of active transcription units 
[19,20]. Up to 80% of the newly 
integrated proviruses can be found 
in genes. This targeting is achieved 
through interaction of the HIV-
1 integrase with a transcriptional 
coactivator – lens epithelium-de-
rived growth factor (LEDGF/p75) 
[21–23]. Although the integration 
within genes is considered to be less 
genotoxic than integration direct-
ed to promoter/enhancer regions, 
it still represents a considerable 
risk of causing malignant transfor-
mations. Thus, vectors exhibiting 
a neutral integration pattern may 
represent an alternative to current 
commonly used platforms. One of 

the recently developed vectors inte-
grating randomly into the host ge-
nome is a vector derived from avian 
sarcoma-leukosis virus (ASLV) – al-
pharetroviral vector (AVV) [19,24]. 
Another recently developed vector 
with a random integration profile is 
a vector derived from the prototypic 
betaretrovirus, mouse mammary tu-
mor virus (MMTV) [25, 26]. 

MOUSE MAMMARY  
TUMOR VIRUS BIOLOGY 
MMTV was discovered in the late 
1930s as a virus transmitted from 
infected mothers via milk to new-
born mice [27]. During milk-borne 
infection, the virus first infects 
dendritic cells (DCs) in the small 
intestine and Peyer’s patches and 
then spreads to T and B cells [28]. 
A MMTV accessory protein, supe-
rantigen (Sag), is presented by the 
MHCII proteins on the surface of 
the infected B cells and DCs to T 
cells. The Sag-activated T cells di-
vide, secrete cytokines that stimu-
late the infected B cells for prolifer-
ation and recruit additional T and B 
cells to the lymphoid compartment. 
The amplification of pools of the in-
fected lymphocytes is critical for the 
virus to spread to its ultimate target 
– the mammary gland [29,30].  

The genome of MMTV, much 
like the genome of other retro-
viruses, encodes the structural 
components of virions (matrix/
capsid/nucleocapsid), the enzymes 
required for virus replication (re-
verse transcriptase/integrase) and 
the envelope protein responsible for 
virus binding to the cell surface and 
its entry (Figure 1). Additionally, 
MMTV encodes at least three ac-
cessory non-structural proteins that 
facilitate virus replication in the 
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host. The MMTV genome is 9 kb 
in length and like all retroviruses is 
flanked by the 5´- and 3´ LTRs. The 
LTRs are exceptionally long (1.4 
kb) because they contain an open 
reading frame encoding the viral 
accessory protein Sag. In addition, 
the LTR carries a number of tran-
scription factor binding sites that 
determine tissue-specific and hor-
mone-dependent (glucocorticoid; 
progesterone) virus gene expression.  

At least five transcripts are gen-
erated from the MMTV genome. A 
full-length, unspliced RNA serves 
either as the virus genome that is 
packaged into viral particles or 
as the transcript translated into 
Gag, Gag-Pro and Gag-Pro-Pol 

polyproteins (Figure 1). The pro-
duction of the latter two polypro-
teins is dependent on a frameshift 
suppression during which the ribo-
some must back up by one base to 
continue translation in the alternate 
frame. The efficiency of frameshift-
ing seems to be higher for MMTV 
RNA than for RNAs from other 
retroviruses (e.g., ASLV), because 
the equivalent amount of the Gag-
Pro-Pol precursor is synthesized 
even though two frameshift events 
are required [31]. 

As with other complex retro-
viruses, MMTV encodes sever-
al accessory proteins that affect 
the immune system of the host 
(e.g., Sag protein) and facilitates 

ff FIGURE 1
Schematic representation of the MMTV proviral genome and the MMTV RNAs.
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The full length RNA (9 kb) serves as the virus genome and mRNA. It contains a 5´cap and a 3´poly-A tail and is can be translated to 
Gag, Gag-Pro and Gag-Pro-Pol polyproteins that are processed by the virus protease (PR) to matrix (MA), capsid (CA), nucleocapsid 
(NC), nucleocapsid-dUTPase (NC-DU), reverse transcriptase (RT) and integrase (IN) proteins. The singly spliced mRNA encodes gp73/
Env proteins that are processed by furin protease to surface (SU, gp52) and transmembrane (TM,  gp36) subunits. The doubly spliced 
mRNA encodes the regulator of MMTV expression, Rem that binds to RmRE and facilitates nuclear export of the unspliced RNA. The 
superantigen protein (Sag) is encoded by the 3´end of the genome. 
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replication of MMTV in cells (Fig-

ure 1). A deoxyuridine-triphospha-
tese (dUTPase [DU]) is encoded 
by the full-length transcript and 
translated in the pro frame. The 
enzyme, which catalyzes hydrolysis 
of dUTP to dUMP and diphos-
phate, is produced following pro-
teolytic cleavage of the Gag-Pro 
and Gag-Pro-Pol polyproteins. The 
dUTPases remove dUTPs from 
the deoxynucleotide (dNTP) pool 
thereby reducing the probability 
of incorporation of this base into 
DNA during reverse transcription. 
It is believed that the role of the 
enzyme is especially important in 
cells with a low concentration of 
dNTPs such as non-dividing cells 
(macrophages, DCs). 

MMTV also encodes an accesso-
ry protein analogous to the HIV-1 
Rev: Rem. Rem is encoded by dou-
bly spliced mRNA and, like Rev, 
facilitates the transport of unspliced 
viral transcripts containing the Rem 
responsive element (RmRE) from 
the nucleus to the cytoplasm.  Thus, 
Rem is a crucial regulator of the ex-
pression of viral genes. 

MMTV entry into cells is me-
diated by the Env protein encod-
ed by a singly spliced mRNA. The 
synthesized Env (gp73) polypro-
tein precursor is cleaved by cellu-
lar furin protease into surface (SU, 
gp52) and transmembrane (TM, 
gp36) subunits. The gp52 binds 
to the mouse transferrin recep-
tor 1 (TfR1) that is then used as 
a virus entry receptor [32]. TfR1 
is a ubiquitously expressed carrier 
protein used for the import of iron 
into the cell. Importantly, entry 
of MMTV to cells, mediated by 
gp52-TfR1 interaction, is rather 
inefficient [32,33]. Thus, the usage 
of the MMTV Env in virus vectors 
is limited. 

DEVELOPMENT OF  
MMTV-BASED VECTOR 
SYSTEMS
The above described attributes led 
to the development of the third gen-
eration of MMTV-based vectors. It 
differs from the early generations in 
that it carries a number of safety fea-
tures. Additionally, the third-gener-
ation vectors can be produced at 
markedly higher titers comparable 
to lentiviral vectors.  

Historically, the first described 
MMTV vectors were derived from 
a complete molecular clone. They 
were replication deficient and car-
ried a marker expression cassette 
either in the Pol/Env coding re-
gions or in the 3´LTR. The vector 
particles were produced by trans-
fecting the vector construct into 
MMTV-infected helper cells or, 
in case of the complete molecular 
clone carrying the transgene in the 
3´LTR, into cells lacking MMTV 
sequences  [34–37]. A split-genome 
design (second generation) was for 
the first time used by Salmons and 
colleagues who developed a packag-
ing cell line expressing Gag-Pro-Pol 
and Env from a heterologous RSV 
promoter [38]. Further improve-
ment of the split genome system 
was achieved by introducing a hy-
brid CMV-R/U5 promoter into 
the vector construct to completely 
overcome the need for hormonal 
stimulation that is required for the 
RNA synthesis from the authentic 
MMTV promoter [39]. In the ear-
ly generation vectors, the authen-
tic MMTV Env protein was used 
to mediate virus entry. However, 
as mentioned above, the MMTV 
Env-mediated vector entry resulted 
in low virus titers in murine as well 
as non-murine target cells. The titer 
did not markedly improve when an 
MMTV Env mutant, optimized for 
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entry to human cells, was used [33]. 
Thus, the development of a high-ti-
ter vector necessitated the usage of 
pseudotyped vector particles [Un-

published Data]. Another drawback 
of the first- and second-generation 
vectors was insufficient transport of 
viral RNAs to the cytoplasm. The 
viral proteins were not produced at 
high levels resulting in a low infec-
tivity of the MMTV vectors (titer 
≤103 transduction units [TU]/ml) 
[35]. This resulted from the fact that 
MMTV was considered to be a sim-
ple retrovirus analogous to MLV.  
Discovery of Rem and its function 
opened up new possibilities for vec-
tor improvements [40–43].  

High-titer vector preparations 
(>105 TU/ml) were obtained by 

developing the third-generation 
MMTV vector system. The vector 
genome and helper functions (Gag-
Pro-Pol, Env, Rem or Rev) were ex-
pressed from four separate plasmids 
containing a strong constitutive 
promoter (CMV or RSV) (Figure 2). 
To produce vector transcripts, the 
U3 region of the 5´LTR was re-
placed with the RSV promoter such 
that transcription initiates at the 
authentic transcription start site. 
This modification resulted in a vec-
tor where high-level transcription is 
independent of the presence of glu-
cocorticoid hormones. To further 
improve vector efficiency and safe-
ty, the cis-acting sequences required 
for efficient gene transfer were 
mapped and nonessential regions 

ff FIGURE 2
Schematic representation of the four plasmid expression system for generation of a pseudotyped 
MMTV-based vector by transient transfection of HEK293T cells.
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A constitutive promoter (CMV or RSV) drives the expression of vector RNA and helper proteins. A large portion of the 3´LTR has been 
deleted resulting in a self-inactivating (SIN) vector that loses the capacity to drive the expression of vector RNA following reverse 
transcription. The expression of transgene (EGFP) is driven by an internal constitutive promoter. Stability of the vector RNA is enhanced 
by the woodchuck hepatitis post-transcriptional element (WPRE) and the nuclear export is facilitated in the presence of Rev by a cis-
acting element - Rev-responsive element (RRE). The expression of the structural and enzymatic components of the MMTV vector is also 
facilitated by the Rev-RRE interaction. The Rev and Env (VSV-G) proteins are expressed in trans. 
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were removed. This included the 
enhancer region in the 3´LTR, re-
sulting in a self-inactivating (SIN) 
vector lacking the sag gene. Special 
attention was paid to preserving 
signals involved in the regulation 
of mRNA polyadenylation, such as 
CPSF, CstF, CF Im and U-rich re-
gion, as it is generally known that 
some SIN vectors suffer from leaky 
transcriptional termination [44,45]. 
To stabilize vector RNA and facil-
itate export from the nucleus, two 
post-transcriptional regulatory el-
ements were inserted into the vec-
tor. The woodchuck hepatitis vi-
rus post-transcriptional regulatory 
element was inserted upstream of 
the 3´LTR and the Rev responsive 
element (RRE) was placed down-
stream of the packaging signal (ψ) 
that has been mapped to a region 
spanning the 5´UTR/gag junction 
[46,47]. 

As mentioned above, the MMTV 
Env is not efficient in mediating vec-
tor entry. Therefore, a heterologous 
envelope was used to enhance vector 
infectivity. The vesicular stomatitis 
virus glycoprotein (VSV-G), previ-
ously shown to support the infectiv-
ity of MMTV cores, was employed 
to pseudotype vector particles [39]. 
The pseudotyping combined with 
the implementation of post-tran-
scriptional regulatory functions re-
sulted in a marked increase of vector 
titers relative to the previous gen-
erations (100–1000-fold increase; 
titer >105 TU/ml). Additionally, 
the pseudoparticles were stable and 
they could be efficiently concentrat-
ed by ultracentrifugation leading to 
further increase in vector titers (titer 
>107 TU/ml) [26]. 

A high-vector titer is essential 
for clinically relevant applications 
as well as to gain deeper insight 
into the virus biology. We used the 

third-generation vector to investi-
gate whether MMTV, like HIV-1, 
is capable of infecting non-divid-
ing cells. In vivo, MMTV infects 
terminally differentiated dendritic 
cells and uses dUTPase to avoid 
misincorporation of dUTPs into 
the nascent DNA during reverse 
transcription. This evidence sug-
gests that MMTV infects non-mi-
totic cells. We used cell cycle-arrest-
ed tissue culture cells (a high dose 
of γ-irradiation) and unstimulated 
hematopoietic stem cells (human 
CD34+, mouse Lin-) to test if the 
virus can infect cells regardless of 
cell cycle progression. Important-
ly, the MMTV vector transduced 
the eGFP gene into the non-divid-
ing cells with the same efficiency 
as the control HIV-1 vector. Thus, 
we concluded that MMTV infects 
non-dividing cells [26]. 

However, in contrast to HIV-1 
vector, monitoring of integration 
sites showed that the vector derived 
from the prototypic betaretrovirus 
has a more favorable integration 
pattern. Specifically, the vector 
exhibited in dividing and non-di-
viding cells a close-to-random in-
tegration site distribution [26]. 
This result confirmed previously 
observed unbiased integration pro-
file for the wild-type virus [25,48]. 
Thus, in contrast to lentivirus- and 
gammaretrovirus-derived vectors, 
most of the integrations occurred in 
non-coding regions of the genome. 
The underlying mechanism respon-
sible for this integration pattern is 
currently unknown. MMTV seems 
to use a different nucleus entry 
pathway than HIV-1. This pathway 
is independent of a nuclear import 
factor for serine/arginine-rich pro-
teins (TNPO3) that was shown to 
interact with HIV-1 CA and me-
diate the HIV-1 nuclear import 
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