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1. Introduction 

Oncogenic retroviruses can cause cancer in various 
species, including cats, birds and rodents. They are gener
ally divided into two categories, which display distinct 
pathogenic features. The acute-transforming retroviruses 
induce polyclonal tumors within 2 to 3 weeks after infec
tion of the host, and are capable of transforming cells in 
tissue culture. In contrast, the slow-transforming retro
viruses cause mono- or oligoclonal tumors after a latency 
period of several months, and are usually unable to trans
form cells in vitro [38,350,375], These differences in 
pathogenic properties reflect two distinct molecular mecha
nisms of retroviral oncogenesis. Acute-transforming retro
viruses have replaced viral genes with a transduced cellu
lar gene, or part of a gene, that is responsible for the 
oncogenic activity. Slow-transforming retroviruses do not 
carry viral oncogenes, and their capacity to induce neo
plasms is based on the ability of the retroviral DNA-inter-
mediate, the provirus, to integrate in the host DNA, and 
mutate or transcriptionally activate flanking cellular se
quences. These and other relevant aspects of slow-transfor
ming retroviruses will be summarized in Section 2. 

If the mutations caused by proviral insertions confer a 
selective growth advantage, the affected cell will expand in 
a clonal fashion. Because of this causal relation between 
proviral insertion site and tumorigenesis, retroviral integra
tion patterns in tumors that are induced by slow-transfor
ming retroviruses appear clonal or oligoclonal, whereas 
infected normal tissues reveal a seemingly random distri
bution of proviruses in their DNA [78,342]. In 1981, 
Hayward et al. showed that slow-transforming retroviruses 
can be used both as insertional mutagens and as molecular 
tags [142], and since then a large number of genes impli
cated in oncogenesis have been identified by 'provirus 
tagging', involving molecular cloning of host cell DNA 
adjacent to integrated proviruses, either by conventional 
techniques [127] or by PCR amplification [339]. While 
many of the initial studies were focused on avian 
leukosis-sarcoma virus (ALV) induced lymphoid leukosis 
[74,75], this approach has been most successfully used in 

various murine tumor systems. A large series of common 
insertion sites has been found for leukemia viruses in 
diseases of the hematopoietic system, and for mouse mam
mary tumor virus (MMTV) in mammary carcinomas. 
Hence, the emphasis of this review will be on these two 
retrovirally induced diseases. 

In the last sections we will discuss the use of retroviral 
insertional mutagenesis in a variety of mouse model sys
tems or in vitro systems. Oncogene-bearing transgenic 
mice and mice with targeted disruptions in oncogenes or 
tumor suppressor genes, as well as a number of applica
tions in cultured cells have significantly increased the 
potential of proviral tagging, and it can be expected that 
this trend continues with the development of novel detec
tion techniques and improved viruses or transposon sys
tems. 

2. Retroviruses as insertional mutagens 

2.1. The retrovirus life cycle 

Retroviral virion particles contain two identical single-
stranded, positive-sense genomic RNA molecules, which 
are co-packaged with two crucial replication enzymes: the 
viral reverse transcriptase (RT) and the viral integrase 
protein (IN). Retrovirus infection is initiated by binding of 
the viral envelope glycoprotein to a cell surface receptor. 
For several retroviruses the relevant receptors have been 
identified (reviewed in [409]). While the receptor for 
ecotropic murine leukemia viruses (named CAT) functions 
as a sodium-independent transporter for cationic amino 
acids [168], the dual-function receptor for amphotropic 
MuLVs (denoted Ram-1/GLVR2) and the gibbon ape 
leukemia vims receptor (designated GLVR1) appear to be 
sodium-dependent phosphate transporters [167,393]. The 
recently cloned receptor for subgroup A ALV contains an 
extracellular domain with homology to the low density 
lipoprotein receptor [21]. It is important to note that, at 
least in case of CAT, Ram-1 and GLVR1, binding of the 
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viral envelope glycoprotein to the receptor does not en
tirely inhibit their natural permease functions. It remains to 
be established whether cell survival following productive 
retrovirus infection is possible because physiological trans
port is only partly blocked or because there is redundancy 
among transporter systems. 

After entry of the retrovirus into the host cell the viral 
RNA is copied into a double-stranded, blunt-ended, linear 
DNA molecule, still contained in a core particle. This 
sequence of priming, RNA hydrolysis, and template 
switching events is catalyzed by the viral reverse transcrip
tase, resulting in a DNA molecule which is slightly longer 
than the RNA template, and which contains identical 5' 
and 3' termini, referred to as the long terminal repeats 
(LTRs). One important feature is that, due to the presence 
of two RNA genomes in the virion, recombination between 
these molecules can take place during reverse transcription 
[346.352]. The frequency of recombination is relatively 
high; in case of homologous recombination over 40% of 
the viruses have at least one exchange per 10 kb virus 
genome during a single replication cycle [151]. The rate of 
non-homologous recombination is estimated to be 100- to 
1000-fold lower [407]. 

The next step in the infectious process involves import 
of the viral DNA into the nucleus and insertion into the 
host genome. This process shows a strong dependence on 
cell division, presumably requiring the breakdown of the 
nuclear membrane during mitosis [200,300]. The actual 
integration reaction is mediated by the viral integrase 
protein and results in an integrated provirus, which is 
stably retained in the infected cell and is transmitted upon 
cell division as a conventional Mendelian locus [128]. 
Whereas the integration of the proviral DNA is very 
precise with respect to the viral nucleotide sequences, it 
appears to be more or less random with respect to cellular 
DNA sequences, showing a mild preference for actively 
transcribed regions of chromatin [230,313], DNAse hyper
sensitive sites [129,299,378] or for certain specific sites 
within the host DNA of unknown structure [325]. How
ever, these studies are based on small samples of cloned 
proviruses or cells that may be biased by selection effects. 
In vitro integration systems combined with PCR-based 
assays for mapping integration sites, have enabled a de
tailed analysis of target site usage within large populations 
of integration events [84]. Using such an assay, Kitamura 
et al. found that target-site selection in vitro is highly 
non-random in naked DNA and is determined by local 
DNA structures such as methylated CpG dinucleotide re
peats, rather than by sequence or overall structure [173]. In 
a similar system, Pryciak et al. showed that nucleosome-
associated regions of minichromosomes are efficiently used 
as integration targets [290,291]. It is obvious that these 
results argue against a bias toward integration into tran
scriptionally active regions due to either CpG-hypomethyl-
ation or a reduced nucleosome density. An extensive study, 
in which a similar approach was used to investigate inte

gration site distribution of ALV in vivo, confirms the in 
vitro data [395]. All genomic regions tested are accessible 
to retroviral integration, with frequencies that varied from 
0.2 to 4 times that expected for random integrations. 
Localized preferences were seen within regions, with some 
sites being used up to 280 times greater than random, 
suggesting that integration specificity is mainly determined 
by local structural features rather than accessibility of 
certain regions. 

The integrated provirus serves as a template for the 
production of viral RNAs and proteins. All retroviruses 
contain three genes, gag (structural proteins), pol (reverse 
transcriptase and integrase) and env (envelope glyco
protein), that are necessary for the formation of infectious 
progeny virions. The ris-elements required for initiation, 
termination and modulation of retroviral transcription re
side within the long terminal repeats, whereas the factors 
necessary for transcription and translation are supplied by 
the host cell. Two types of viral messenger RNAs are 
abundantly produced in infected cells. The major spliced 
RNA is the sub-genomic RNA for the env proteins, ensur
ing adequate levels to populate the unit membrane that 
surrounds the viral particle. Splicing also results in re
moval of the viral packaging signal, preventing encapsida-
tion of the sub-genomic RNA into virions. The unspliced 
genomic RNAs that do carry the packaging signal become 
assembled into viral cores that bud through the plasma 
membrane of infected cells. In most cases, viruses are 
released without cytopathic effect. 

The ability of a retrovirus to propagate in a given cell 
type is mainly determined by the tissue specificity of the 
enhancer sequences in the LTR, and by the viral envelope 
gene. With respect to their tropism, murine leukemia 
viruses can be divided into four categories. Ecotropic 
viruses can infect murine cells, but not cells from other 
species, whereas xenotropic viruses can only propagate in 
non-murine cells. Amphotropic or polytropic viruses are 
capable of infecting mouse, human, and other cells. Dual-
tropic retroviruses, such as MCF-viruses, can infect both 
murine and mink cells. 

2.2. Mechanisms of insertional activation 

The ability of an integrated provirus to activate the 
transforming potential of a flanking gene is in all cases 
mediated by the transcriptional control sequences present 
in the viral LTR (reviewed in [15]). Depending on the 
integration site and the transcriptional orientation of the 
provirus with respect to the cellular gene, these sequences 
are capable of initiating, enhancing and/or terminating 
transcription of host sequences, resulting in high levels of 
messenger RNAs encoding the intact protein or the pro
duction of aberrant transcripts encoding mutant proteins 
(Fig. 1). 

Gene activation by the promoter insertion mechanism 
requires the integration of a provirus in the same transcrip-
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Fig. 1. Retroviral insertional mutagenesis of host genes. Structura! fea
tures of an integrated proviras, and different modes of proviral (in)activa-
tion of a hypothetical target gene. Protein coding domains are denoted by 
black boxes, untranslated regions are indicated by open boxes. Abbrevia
tions: SA: splice acceptor; SD: splice donor; Tl: transcription initiation 
site; pA: polyadenylation signal. 

tional orientation as the target gene (Fig. 1A). Transcrip
tion initiates from the viral promoter in either the 5' or the 
3' LTR, thereby replacing the function of the normal 
promoter. Activation by promoter insertion is frequently 
associated with viral deletions in case the 3' LTR promoter 
is used. This results often in removal of the 5' LTR, 
suggesting that transcription driven by the 5' promoter and 
proceeding into the 3' LTR may negatively influence 
transcription from the 3' LTR-promoter [85]. When the 5' 
LTR promoter is used, transcription results in the forma
tion of fusion transcripts containing both viral and cellular 
sequences, due to frequent read-through at the 3' LTR 
polyadenylation site and subsequent splicing using the 
subgenomic mRNA splice donor or cryptic splice donor 
sites [76.146.348]. 

Transcriptional enhancement is probably the most fre
quent mechanism of gene activation by insertional mutage
nesis (Fig. 1B,C). This high frequency may be explained 

from the fact that activation by enhancement allows more 
flexibility with respect to proviral orientation, and distance 
between provirus and target gene [179,312]. Hence, a 
much larger DNA domain may be an effective target for 
proviral insertions. Transcripts from a viral enhancer-
activated gene initiate at the normal transcriptional start 
sites, suggesting that viral enhancer elements have in
creased the efficiency of the normal promoter. Enhancer 
insertion involves integration of a provirus either at the 5' 
end of a gene in the reverse transcriptional orientation, or 
at the 3' end in the same transcriptional orientation. In this 
way, the positioning of the viral promoter between the 
viral enhancer and the host gene promoter is avoided, 
suggesting a model in which the bidirectional viral en
hancer acts primarily on the closest promoters [98,262]. 
However, there may be exceptions to this model. In a 
recent publication on a virally induced mammary tumor 
Clausse et al. showed that both Wnt-\/int-\ and Fgf-
\/int-2 can be activated by downstream insertions of 
MMTV in the opposite transcriptional orientation [72]. 
Since in both cases the integrated proviruses lack the 5' 
LTR, an alternative enhancer insertion model is suggested 
in which the viral enhancer can only function if it is not 
transcribed. 

When the proviral insertion site is located within the 3' 
untranslated region of the proto-oncogene and in the same 
transcriptional orientation, the transcript is cleaved at the 
polyadenylation site of the 5' LTR (Fig. LB). This prema
ture polyadenylation may result in the production of tran
scripts with increased stability due to removal of destabi
lizing sequences, such as AUUUA motifs, which are com
monly located in the 3' UTR of short-lived messages [319]. 
Examples include G/Ï-2/IL-9R (Section 3.2), Pon-1, Pim-
2 and N-mvc (Section 4.1). 

The integration of a provirus into the transcription unit 
can have effects on the resulting protein (Fig. 1D,E). If a 
viral insertion disrupts coding domains the protein se
quence can be completely inactivated, or mutated in such a 
way that an aberrant gene product with abnormal biologic-
activity is produced. This may occur in concert with 
enhancer or promoter activation, thereby generating high 
levels of a mutant protein. Several examples will be dis
cussed in this review, including c-myb (Section 4.4), Tpl-2, 
Tiam-I (Section 5.2), int-3 and int-6 (Section 6.3). 

Although c/j-activation of host genes appears to be the 
predominant mechanism by which slow-transforming 
retroviruses excert their transforming potential, certain 
retroviruses of this class, namely bovine leukosis virus 
(BLV) and human T-ccll lymphotropic virus (HTI.V). are 
capable of rraMS-activating viral genes as well as distinct 
host genes via the virally encoded transactivator protein 
tax [335,336]. Interestingly, it has been reported recently 
that specific sequences within the U3 region of the Moloney 
MuLV LTR also encode a transcriptional frans-activator, 
despite the fact that this region lacks an extensive open 
reading frame [65]. Transfection experiments indicated that 
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this region in the U3LTR, through activation of the tran
scription factor AP-1, is capable of regulating the expres
sion of cellular genes that contain TPA responsive ele
ments (TRE) in their promoter region [389]. A transcript 
has been identified which appears to be initiated by RNA 
polymerase III within the U3 region, and its presence 
correlates with the rrara-activating activity [65a]. At pre
sent, the function of this transcript is still unknown, and 
the exact nature of the observed /ram-activation remains 
to be resolved. It will obviously be of great interest to see 
to what extent this frafls-activating activity contributes to 
the transforming potential of slow-transforming leukemia 
viruses. 

2.3. Endogenous retrovirus-like sequences 

When integrated in the DNA of germ line cells, 
proviruses can be transmitted to the offspring. Indeed, 
most mouse strains contain varying numbers of endoge
nous virus-like sequences that most likely originate from 
such germ line integrations. Although these viruses are 
nearly always replication-deficient, genomic RNAs derived 
from endogenous viruses may become copackaged when 
the cell is infected with a replication-competent virus. 
RT-mediated recombination upon infection of a second 
cell may yield a replication-competent recombinant retro
virus (see Section 3). Some endogenous retrovirus-like loci 
give rise to the production of envelope glycoproteins, and 
these have been shown to confer resistance to infection by 
retroviruses that contain identical or closely related enve
lope glycoproteins. Another family of endogenous proviral 
sequences encodes for defective retrovirus-like elements, 
termed intracisternal A-type particles (IAPs) (reviewed in 
Ref. [181]). Like retroviruses, IAPs contain two LTRs and 
gag and pol open reading frames, but their env sequence 
is closed in all reading frames. Particles with associated 
RT activity, containing polyadenylated RNA accumulate in 
the cistemae of the endoplasmic reticulum; they have no 
extracellular phase and are not infectious. IAP elements 
are transcribed at high levels in preimplantation embryos 
and certain tumors. In several tumors or tumor-derived cell 
lines IAP elements were found near genes which conse
quently became transcriptionally activated or inactivated 
(see Table 1). These somatically acquired IAP-insertions 
suggest that at least some of the genomic IAPs can trans
pose. Formal proof for this notion was obtained recently, 
when retrotransposition of an IAP, tagged with a neomycin 
phosphotransferase gene, was demonstrated in 3TDM/1 
cells [144]. Transposition was shown to involve the genera
tion of an RNA intermediate and subsequent reverse tran
scription. 

3. MuLV-induced leukemia; preleukemic events 

Murine leukemia viruses induce disease with a rela
tively long latency. In particular, inoculated animals show 

evidence of viral infection well before the end-stage tu
mors appear [388]. These observations suggest that multi
ple steps may be involved in disease development. In at 
least some instances, the activation of cellular proto-
oncogenes due to proviral insertion may be a relatively late 
event in leukemogenesis [264,368]. In several virus-in
duced leukemias, the early preleukemic state is charac
terized by enhanced proliferation of specific cell types 
[89,92,109,228,345]. 

In murine leukemia virus induced disease in mice, the 
invariable generation of mink cell focus-forming (MCF) 
viruses [137] suggests that they play an important role in 
the leukemogenic process. MCF viruses result from recom
bination between endogenous xenotropic-like sequences 
and exogenous ecotropic virus, presumably via co-packag
ing of both viral genomes in a single virion, followed by 
illegitimate template-switching of the reverse transcriptase 
after infection of a virgin cell. In this cell, virus particles 
containing chimeric envelope glycoproteins are produced, 
which can interact with surface receptors different from 
those of M-MuLV, resulting in a different host-range 
[296,297]. MCF viruses are dual-tropic and, moreover, 
they are capable of superinfecting cells which have been 
infected with ecotropic MuLV. Some of the MCF viruses 
are potent leukemogens, and they cause tissue-specific 
neoplasms when injected into susceptible mice 
[64,158,369]. In other cases, MCF viruses have been shown 
to accelerate disease induced by the original virus [73]. 
Although the exact role of MCF viruses in MuLV-induced 
leukemia is unknown, there are indications that they may 
be responsible for the preleukemic hyperplasia (see below). 
It has to be noted, however, that M-MuLV is capable of 
inducing leukemia in rats, even though MCF viruses can
not be generated since these animals lack endogenous 
xenotropic sequences [26,361]. 

3.1. Gp55 and the early stage of Friend disease 

In Friend virus complex (FV) induced erythroleukemia 
the events preceding retroviral insertional mutagenesis have 
been studied in great detail. Friend disease can be sepa
rated into two stages, a mitogenic phase (the 'early' stage, 
reviewed in Refs. [29,89]) and an immortalizing phase (the 
'late' stage). Infection of susceptible mice with Friend 
virus leads within 3 weeks to splenic enlargement, due to a 
rapid, polyclonal proliferation of proerythroblast-like cells. 
These cells have limited self-renewal capacity, are not 
tumorigenic when injected into other animals and cannot 
be established as permanent cell lines in culture [29], After 
4-6 wk, however, truly malignant cells arise from clonal 
expansion of one or a few malignant precursors harboring 
provirally activated oncogenes. 

The Friend virus complex is actually composed of two 
viruses; the Friend spleen-focus forming virus (SFFV), 
which is a replication-defective C-type retrovirus, and the 
ecotropic helper Friend murine leukemia virus (F-MuLV). 
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The replication-defective component of the complex ap
pears to contain the major transforming activity of the 
complex, since helper-free preparations of SFFV can cause 
not only the initial erythroproliferative stage, but also the 
second stage of erythroblast immortalization [69]. Al
though SFFV is reminiscent of acute-transforming viruses 
containing a transduced cellular oncogene, the transform
ing factor of SFFV is the mutant envelope glycoprotein 
gp55, encoded by the SFFV env gene [7,397]. Gp55 may 
initiate the leukemogenic process by activating the normal 
erythropoietin receptor (EPO-R) in infected cells 
[149,203,307]. In agreement with this model, a constitu-
tively activated form of the erythropoietin receptor can 
substitute for the EPO-R/gp55 interaction [406]. Transfec-
tion experiments have revealed several properties of gp55 
that are noteworthy. Firstly, EPO and gp55 have discrete 
binding sites for EPO-R, since EPO can bind to crosslinked 
EPO-R/gp55 complexes [60]. Secondly, the presence of 
gp55 results in a prolonged half-life of the EPO-R. and in 
rough endoplasmic reticulum (RER) retention due to im
paired carbohydrate processing. Although only a minor 
fraction of gp55 is transported to the cell surface, transfec-
tion experiments with an EPO-R mutant [204] and several 
gp55 mutants [110] strongly suggest that mitogenic activa
tion of EPO-R by gp55 requires the interaction of the two 
proteins at the cell surface. 

3.2. Generation of MCF-viruses and the early stage of 
Muiy-induced leukemia 

The concept of preleukemic hyperproliferation mediated 
by a viral envelope protein may not be exclusive for 
Friend disease. Sequence analysis has shown that the env 
genes from different SFFVs all contain a 5' terminal 
region highly homologous to the env sequences of MCF 
viruses, and they may be derived from the MCF virus env 
gene through a major deletion and additional point muta
tions [12,37,70,398]. This region has been shown to deter
mine the receptor specificity [143]. Furthermore, there is 
evidence that SFFV gp55 binds to the cellular receptor for 
MCF viruses and that this binding interferes with MCF 
vims superinfection [63,202]. Indeed, in a recent publica
tion Li and Baltimore showed that, like the SFFV gp55, 
the gp70 envelope proteins encoded by either the Friend-
MCF or Moloney-MCF virus bind to EPO-R and that this 
interaction can mediate growth factor-independent prolifer
ation of an IL-3 dependent lymphoid cell line. Moreover, 
these MCF envelope proteins can also activate cell growth 
when they are co-expressed with IL-2R/3, although in this 
case no direct physical interaction has been demonstrated 
[201]. Likewise, Tsichlis and Bear showed that infection 
by MCF virus conferred 1L-2 independence on an IL-2 
dependent rat T-cell lymphoma line [358]. Interestingly, 
the erythropoietin receptor and IL-2R/3 have been shown 
to belong to the same receptor family [23,90]. These 
observations suggest that both SFFV-induced erythro-

leukemia and MCF virus-induced leukemia involve growth 
factor receptor-mediated hyperproliferation. It is unlikely, 
however, that IL-2R/3 is the actual MCF receptor, since 
MCF viruses can infect a variety of cell types, including 
cells, such as fibroblasts, that lack an IL-2 receptor. This 
idea is supported by the notion that in thymocytes infected 
with AKR-247 MCF vims no 1L-2R/3 mediated signal 
transduction is induced since cyclic AMP levels were not 
changed [8]. In these mice, viral replication was shown to 
correlate with the induction of chronic phosphatidylinositol 
signal transduction. 

Additional clues with respect to the role of MCF viruses 
came from infection experiments in which a recombinant 
M-MuLV variant, containing enhancer sequences from 
polyoma virus in the long terminal repeat, was used. 
Although this variant virus, termed Mo + PyF101 M-
MuLV, could efficiently establish infection in vivo at 
preleukemic stages [93], it was defective both for induction 
of preleukemic hyperplasia and for leukemogenesis when 
inoculated subcutaneously [91,92]. Interestingly, these de
fects correlated with a lack of MCF virus-formation [51]. 
Since an artificially constructed Mo + PyFlOl MCF virus 
was also incapable of propagating in vivo, it may be 
possible that MCF viruses are normally targeted in vivo to 
certain cells with MCF virus receptors, and that Mo + 
PyFlOl M-MCF is inefficiently produced in those cells 
[51]. Comparative studies indicated that the preleukemic 
state of splenic hyperproliferation, induced by wild-type 
M-MuLV, might result indirectly from defects in the bone 
marrow, observed as a quantitative defect in establishment 
of stromal cells in long-term bone marrow cultures 
(LTBMC) from M-MuLV infected preleukemic mice 
[205,206]. Experiments involving in vitro infection of nor
mal LTBMC with different combinations of viruses showed 
that only M-MuLV in combination with an MCF virus 
could induce cytopathicity [205]. Thus, combined infection 
by ecotropic virus and polytropic MCF virus may suppress 
the growth of bone marrow stromal cells. It was therefore 
suggested that combined infection of bone marrow in vivo 
may inhibit hematopoiesis in the bone marrow, and that 
the virus-induced preleukemic hyperplasia in the spleen 
may be the result of compensatory extramedullary hemato
poiesis. 

Although several lines of research support the idea that 
MCF viruses establish preleukemic hyperplasia via enve
lope glycoprotein mediated growth factor receptor stimula
tion, the exact role of MCF viruses in MuLV-induced 
leukemia is still unclear. Obviously, the identification of 
the receptoKs) for MCF gp70, would greatly facilitate this 
quest. In this respect, the M-MuLV-induced, IL-2 depen
dent rat T-cell lymphoma cell line 4437A might be instru
mental [358]. This cell line, when superinfected with MCF 
vims, became IL-2 independent without a, usually ob
served, major crisis. When independent cultures were ana
lyzed for the presence of integrated proviruses, they ap
peared to contain a population of cells that carried 
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proviruses, integrated randomly in their genomes, implying 
that no selection had occurred. This might indicate that the 
interaction of MCF viras with its receptor can induce a 
mitogenic signal, resulting in factor-independent growth. 
Prolonged culturing in the absence of IL-2 resulted in the 
clonal outgrowth of cells with distinct retroviral insertions. 
Rather unexpectedly, nearly all IL-2 independent cell 
clones overexpressed the IL-9 receptor as a result of 
proviral insertions in the 3' UTR of the 1L-9R gene [113]. 
The reason for this strong selection appeared to be the 
rapid induction of IL-9 expression following infection with 
MCF virus. If this induction is a direct consequence of the 
virus infection, this system may be a useful tool in resolv
ing the molecular mechanism by which MCF viruses exert 
their proliferative effects. However, it can not be ruled out 
that IL-9 expression is induced by signals originating in 
the Mus dunni producer cells, since IL-9 overexpressing 
IL-2 independent subclones also arise occasionally from 
cocultivation with uninfected M. dunni cells. 

4. Later stages in MuLV-induced leukemia; insertional 
mutagenesis 

In contrast to the polyclonal expansion of populations 
of cells observed in preleukemic MuLV-infected mice, the 
later stages of leukemogenesis are characterized by the 
outgrowth of tumor cells consisting generally of one or a 
few independent subclones, carrying retroviral insertions in 
distinct chromosomal regions. The term 'common inser
tion site' refers to a locus that is occupied by proviruses in 
several independent tumors. A vast number of common 
insertion sites have been identified (see Table 1), and 
among them are many loci that contain genes which 
become deregulated due to proviral integration. The hith
erto characterized gene products are invariably regulatory 
proteins, including transcription factors (Bmi'-l, c-fos, c-
myb, c-myc, Eui-l, Fli-l. Gfi-\. Hox-2.4, N-myc, p53, 
Sfpi-1/Dis-l/Spi-l/Pu.l and Tpl-l), growth factors 
(CSF-1, GM-CSF, IL-2, IL-3. 1L-5, IL-6), growth factor 
receptors (EGF-R/c-erbB, EPO-R, CSF- lR/F im-2 /c -
ftns. 1L-2R/3, IL-6R), cytoplasmic protein kinases (c-mos, 
Lck. Pim-l, Pim-2, Tpl-2), GTPases (c-H-ras, c-K-ras), 
GAPs (Evi-2/Nfl), GDS proteins (Tiam-\) and G, cyclins 
(Fù-1/Cycl in Dl , Vin-1/Cyclin D2). While several of 
these genes were shown to correspond either to oncogenic 
sequences contained in acute-transforming viruses, or to 
protooncogenes that were already identified in an indepen
dent manner, others were demonstrated to have oncogenic 
potential in their mutated conformation. 

Over the past decade a variety of studies, focused on 
the identification and characterization of common insertion 
sites in MuLV-induced leukemia, has provided compelling 
evidence that the later stages of this disease are predomi
nated by the occurrence of somatic mutations due to 

proviral insertion, and subsequent clonal expansion, trig
gered by mutations in specific genes. 

4.1. MuLV-induced T-cell lymphomas: c-myc, N-myc, Pim-
1, Pim-2. Vin-1, Fis-1, Mis-2 

A large number of common insertion sites have been 
identified in this class of lymphomas (see Table 1). Since a 
detailed discussion of all known loci is beyond the scope 
of this review, we will discuss in this section the myc and 
Pirn genes, which are most frequently affected in MuLV-
induced T-cell lymphomas, as well as several recently 
identified common insertion sites. 

The c-myc and N-myc genes encode sequence-specific 
DNA binding proteins. In addition to a DNA-binding 
domain, myc contains a transcriptional rrans-activating 
domain, and dimerization domains that allow cooperative 
interactions with heterodimeric partners [215]. The activa
tion of the c-myc gene is strongly implicated in leukemo
genesis in many species, and concordantly this gene is 
frequently activated in both B- and T-cell lymphomas 
induced by ALV in birds [142,279], FeLV in cats [256], 
and F-MuLV or M-MuLV in mice [83,104,316]. Both 
promoter insertion and enhancer activation are found, re
sulting in high levels of intact myc proteins (reviewed in 
[182]). Overexpression of c-myc is also associated with 
proviral integrations in two other loci; the Pvt-l/Mlvi-
l/Mis-\ locus which maps 270 kb 3' of c-myc, and the 
Mlui-A locus, located 30 kb downstream of c-myc. Proviral 
activation of N-myc was found in 35% to 50% of retro-
virus-induced primary T-cell lymphomas, and in some 
myeloma-macrophage hybrids [100,317,371]. The proviral 
insertions in the T-cell lymphomas clustered within a 
narrow region of 100 bp in the 3' untranslated region of 
N-myc, resulting in the enhanced expression of a truncated 
mRNA encoding a normal N-myc protein. Taken together 
these data indicate that constitutive expression of c-myc or 
N-myc is an important leukemogenic event, occurring in 
the vast majority of retrovirus-induced lymphomas [371]. 

The Pim-l gene was originally identified as a common 
insertion site in 50% of T-cell lymphomas induced with 
either M-MuLV or AKR-MCF 247 virus [87]. Proviral 
insertions near the gene resulted in the overexpression of 
Pim-l mRNA and wild-type protein. Pim-l is a serine-
threonine protein kinase with a predominant cytoplasmic 
localization [310], and its role in signal transduction is still 
unresolved. Studies with Ep.-Pim-\ transgenic mice showed 
that these animals are highly tumor-prone since infection 
with M-MuLV [373] or treatment with chemical carcino
gens [48,49] resulted in an accelerated onset of T-cell 
lymphomagenesis. Moreover, the level of Pim-l in trans
genic mice correlated with the incidence of spontaneous 
lymphomas. While the tumor incidence was already signif
icantly higher in homozygous E/n-Pim-\ mice than in the 
heterozygous littennates [101], transgenic founders in 
which the levels of Pim-l protein was further boosted by 
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optimization of the translational initiation sequence could 
not be bred due to early onset of lymphomagenesis (Saris 
et al., unpublished data). The strongly oncogenic effect of 
Pim-\ overexpression in transgenic animals is contrasted 
by the rather subtle phenotype of Pim-l deficient mice 
[102,185]. In view of the evolutionary conservation of the 
Pim-\ gene, this would be most easily explained by func
tional redundancy between Pim-l and other genes. Such a 
redundancy could be caused a consequence of the exis
tence of parallel signalling pathways or a Pim-l like 
protein. Indeed, from Pim-l null-mutant mice a gene with 
strong homology to Pim-l (53% amino acid identity) was 
cloned [367]. This gene was named Pim-2, and the previ
ously identified common insertion site with that name was 
renamed Tic-l (Section 5.1). The Pim-l and Pim-2 genes 
do not only share a number of structural features, but 
Pim-2 also can functionally replace Pim-l in lymphoma
genesis, as will be discussed in Section 7.3. 

The Vin-l region was found to be rearranged in a low 
percentage (5%) of B L / V L 3 radiation leukemia virus-in
duced T-cell lymphomas [355]. The proviruses found in 
this locus were integrated in the same orientation, close to 
a CpG island flanking a transcription unit encoding a 6 kb 
mRNA. Sequencing of the Vin-l cDNA revealed that its 
sequence is identical to that of the Cyclin D2, a member of 
the recently identified Cyclin D gene family, involved in 
the transition from G, to S during the cell cycle 
[134,217,243,400] (reviewed in Refs. [154,323]). Proviral 
integrations in Vin-l result in high levels of intact Cyclin 
D2, due to transcriptional enhancement [134]. The Vin-l 
locus may not be the only example of a G, cyclin being a 
target for retroviral insertion. In a recent publication, Lam
mie et al. describe two virally induced tumors in which 
proviral insertions at the Fis-l locus apparently influence 
the expression Cyclin Dl [186]. Using pulsed-field gel 
electrophoresis, they showed that Cyclin Dl is closely 
linked to hst-l and int-2 on the 3' side, and to Fis-l on the 
5' side. The Fis-l locus was identified as a common 
insertion site in F-MuLV induced leukemias [331], whereas 
both hst-l and int-2 were found to be activated in a 
number of MMTV-induced murine mammary carcinomas 
[281,282]. While there is an additional CpG island in 
between Cyclin Dl and hst-l/int-2, the intervening DNA 
between Cyclin Dl and Fis-l does not contain any CpG-
rich regions. Proviruses in Fis-l might therefore directly 
enhance transcription of Cyclin Dl . Indeed, while Cyclin 
Dl was not detectably expressed in normal T-cells and in 
tumors that were negative for Fis-l integrations, the gene 
was found to be highly expressed in the myelogenous 
leukemia from which the Fis-l locus was originally cloned, 
and in a T-cell lymphoma with a F-MuLV integration in 
Fis-l [186]. Proviral insertions in Fis-l might be function
ally equivalent to the BCL1 translocation breakpoint, found 
in human B-cell lymphomas, since also BCL1 is located at 
some distance upstream of the human Cyclin Dl [52,394]. 
Studies with E/i-Cyclin Dl transgenic mice showed that 

constitutive Cyclin Dl expression is indeed lymphoma-
genic, and transgenic crosses revealed a strong collabora
tion with myc [41]. 

Another locus that was shown to be rearranged in a 
small percentage of M-MuLV induced T-cell lymphomas, 
is the Mis-2 locus. Approximately 3% of the analyzed 
tumors harbor a provirus in Mis-2, which was mapped on 
mouse chromosome 10, approximately 160 kb downstream 
from c-myb [380]. Although it is possible that the Mis-2 
locus contains a novel gene which is involved in tumor 
development, the presence of viral enhancer sequences in 
Mis-2 might also result in overexpression of c-myb. 

Recently, an intriguing common insertion site has been 
identified in type B leukemogenic retrovirus (TBLV)-in-
duced thymic lymphomas [249]. TBLV is a replication-
competent type-B thymotropic retrovirus whose genome is 
highly homologous to that of MMTV. In fact, TBLV and 
MMTV differ only in the U3 region of the LTR [17,404], 
and it is this alteration that is responsible for the marked 
differences in target cell and disease specificity between 
MMTV and TBLV [271]. In contrast to MMTV, which 
induces mammary tumors, TBLV induces a high incidence 
of T-cell lymphomas after a very short latency period [94]. 
Interestingly, c-myc, N-myc or Pim-l were not found to be 
activated in TBLV-induced thymic lymphomas. In 20% of 
these tumors, however, the presence of proviruses in a 
common insertion site, named Tblui-l, was detected [249]. 
This locus spans at least 53 kb of genomic DNA and maps 
to the mouse X chromosome. One probe, derived from the 
Tblvi-l region, was shown to contain sequences that are 
highly conserved in evolution. The same probe could also 
detect elevated expression of two transcripts in tumors 
with a TBLV integration in Tblvi-l [249]. It is, however, 
tempting to speculate that integrations in Tblvi-l might 
result in the inactivation of a tumor suppressor gene. 
Unlike autosomes, where the effects of a deleterious ver
sion of a gene can be compensated for by the presence of a 
second normal copy, most of the X chromosome is present 
as a single transcriptionally functional copy in both males 
and females. Hence, even in case the Tblvi-l locus con
tains a recessive oncogene, a single incident of proviral 
insertion might be sufficient to produce a dominant mutant 
allele. Furthermore, the integration sites in Tblvi-l are 
scattered, and the transcriptional orientation of the proviral 
copies is random. While this pattern is rather incompatible 
with the current models of activation by promoter insertion 
and/or transcriptional enhancement, it is well conceivable 
that all proviruses in the Tblvi-l locus perturb protein-en
coding sequences or induce premature termination of tran
scription, and consequently render the Tblvi-l gene inac
tive. 

4.2. MuL\'-induced B-cell lymphomas: Bmi-1, Bla-I, Evi-3, 
Pal-] 

In order to identify common insertion sites involved in 
B-cell lymphomagenesis, mouse strains have been gener-
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ated that are predisposed to this class of tumors. Several of 
such strains have been established through generation of 
recombinant inbred strains from two parental inbred strains: 
AKR/J , which is a highly lymphomatous strain, and 
DBA/2J, which displays a low incidence of lymphomas 
(Rcfs. [123,245-248], reviewed in Ref. [81]. The high 
incidence of lymphomas in AKR/J mice is associated 
with the expression of two endogenous ecotropic MuLV 
loci [159]. The resulting recombinant inbred (RI) strains, 
termed AKXD RI strains, had segregated genes that affect 
both type of and susceptibility for MuLV induced lym
phomas. Although AKR/J mice generally develop T-cell 
lymphomas, several AKXD RI strains developed predomi
nantly B-cell lymphomas, whereas one strain succumbed 
primarily from myeloid tumors. Accordingly, the fre
quency of proviral insertions near known common inser
tion sites in tumors differed greatly among these strains, 
suggesting that these strains are very suitable for isolating 
new proto-oncogenes involved in B-cell lymphomagenesis 
or the development of myeloid tumors. Indeed, a number 
of ecotropic viral integration sites (evi) were cloned from 
tumors from the different AKXD RI strains (see Table 1 
and Section 4.4). One of these common insertion sites, 
named Evi-3, was found to be rearranged in pre-B and 
B-cell lymphomas but not in other leukemias [164]. Provi
ral insertions in Evi-3 are clustered in a 200 bp region 
located inside a CpG island. Two transcription units have 
been mapped in the vicinity of Evi-3, but in which way 
they are affected by the proviral insertions is still unclear. 

Transgenic mice, overexpressing the c-myc gene in 
B-cells by virtue of the presence of an immunoglobulin 
heavy chain enhancer (E/i) in the promoter region, com
prise another system that has allowed the search for onco
genes involved in B-cell lymphomagenesis. While these 
mice develop B-cell lymphomas with high frequency 
[4,136], the tumors are clonal and appear only after a 
variable latency period, indicating that additional events 
are required for tumor development. In order to study 
oncogenes that synergize with the c-myc transgene, new
born Eß-myc mice were infected with M-MuLV. Beside 
the anticipated activation of the Pim-l oncogene in 35% of 
the tumors and sporadic insertions in 77c-1 (formerly 
Pim-2) and Ahi-\, proviral integrations in three novel 
common insertion sites were observed [138,374]. Integra
tions in these four loci encompass together over 75% of 
the tumors. 

One locus, designated B-cell specific M-MuLV integra
tion site I (Bmi-l), has been identified and analyzed 
independently in two laboratories [138,374]. Whereas 3 5 -
47% of the pre-B cell lymphomas harbored proviral inser
tions in Bmi-\, no rearrangements could be detected in 
T-cell lymphomas. The integrations were shown to occur 
predominantly within the first exon of the Bmi-l gene, 
leading to enhanced Bmi-l transcription driven from the 
viral 3' LTR promoter. The Bmi-\ gene has strong onco
genic potential, because it induces T- and B-cell lym

phomas after very short latency periods when overex-
pressed in the lymphoid compartments of transgenic mice 
([139], M. Alkema, personal communication). Recently, 
the feline homologue of Bmi-l, named fivi-2, has been 
identified independently as a target of retroviral insertional 
mutagenesis in feline T-cell lymphomas, induced by a 
myc-containing strain of feline leukemia virus, LC-FeLV 
[198,199]. The Bmi-l gene encodes a nuclear protein 
containing a putative zinc finger and helix-turn-helix do
main, and the fact that it is highly conserved in evolution 
[11,374] allowed isolation of the Drosophila homologue 
[372], which turned out to be Posterior Sex Combs ( Psc) 
[53,372]. In Drosophila, Psc is a member of the poly-
comb group (Pc-G) genes, which are needed to maintain 
expression patterns of the homeotic selector genes of the 
Antennapedia (Antp-C) and bithorax (bx-C) complexes, 
and hence for the maintenance of segmental determination 
[273]. Interestingly, Bmi-l seems to fulfill a similar func
tion in the mouse, since mutant mice lacking a functional 
Bmi-l gene displayed transformation of several vertebras 
into more posterior ones [366]. This strongly resembles the 
posterior transformation of segments in Psc loss-of-func-
tion mutant embryos [6,163]. Importantly, Bmi-l trans
genic mice that overcxpressed the transgene during embry
onic development showed the opposite phenotype, namely 
anterior transformation along the anterior-posterior axis 
[10]. 

Two additional common insertion sites were cloned 
from a tumor, negative for Bmi-l, Pim-l, Tic-l and Ahi-l, 
using inverse polymerase chain reaction (IPCR) [330]. 
Proviral integrations in one of these loci, termed Blu-l, 
resulted invariably in enhanced expression of Bmi-l (B. 
Scheijen, personal communication). Moreover, no recom
bination was observed between Bla-l and Bmi-l in an 
interspecific mouse backcross mapping panel generated 
from crosses of C57BL/6J and Mus spretus mice [82], 
and integrations in Bla-l and Bmi-l were shown to be 
mutually exclusive [374], Although it is possible that acti
vation in trans is involved, these observations suggest that 
proviruses in Bla-l may activate the Bmi-l gene in cis via 
the viral enhancers. The second locus, identified as a 
common insertion site after cloning via IPCR, was found 
to be rearranged in 28% of the pre-B cell tumors [374]. 
This locus, denoted Pal-l, was mapped to the same chro
mosomal location as three other common insertion sites, 
Gfi-l, Evi-5 and /ce-1 ([410], N.G. Copeland, personal 
communication, B. Scheijen, J. Jonkers, unpublished data). 
The combined locus comprises approximately 50 kb of 
DNA and it seems to be highly relevant for tumorigenesis, 
as it is even more frequently rearranged than c-myc and 
Pim-l in MuLV-induced T-cell lymphomas. Although all 
four integration clusters are linked to different genes 
(named correspondingly), Gfi-1 seems to be the best candi
date for the relevant gene in this locus. The growth factor 
independence-1 (Gfi-l) gene was identified in M-MuLV 
rat T cell lymphoma derived subclones that arose after 
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withdrawal of IL-2 from the medium [124]. Two IL-2 
independent cell lines had acquired new proviral inser
tions, resulting in high levels of Gfi-\ mRNA due to 
promoter and/or enhancer activation. The Gfi-\ open 
reading frame encodes a putative DNA-binding protein 
with six zinc finger domains at its carboxy-terminal region. 
Since Gfi-l activation upon mitogen-stimulation of spleno-
cytes is a relatively late event, and since Gfi-l does not 
induce IL-2 expression, it is suggested that Gfl-l may be 
functionally involved in events occurring after IL-2R/3 
stimulation [124]. 

4.3. MuLV induced erythroid leukemias: Epor, Fii-1, p53, 
Spi-1 

As mentioned before, the early stage of Friend disease 
involves activation of the erythropoietin receptor as the 
result of the binding of the 55 kDa fusion glycoproteins 
encoded by SFFV, inducing a rapid polyclonal prolifera
tion of erythroid progenitor cells. F-MuLV does not en
code gp55, and this may explain the longer latency periods 
observed in F-MuLV induced leukemogenesis. The notion 
that this EPO-R stimulation is a crucial step has been 
supported by the observation that two F-MuLV induced 
erythroleukemia cell lines overexpress EPO, due to rear
rangement of the Epo gene [133,220]. Furthermore, three 
FV-induced erythroleukemia cell lines were shown to har
bor a SFFV provirus in the Epor gene, resulting in 
augmented Epor transcription, directed from the viral 3' 
LTR promoter [68,148,184]. 

The SFFV proviral integration-1 (Spi-l or Sfpi-l) is 
rearranged in the majority (95%) of the FV- or SFFV-in-
duced erythroleukemia cell lines as a result of insertion of 
the SFFV provirus upstream of the transcriptional start site 
of Spi-l [231,234]. The Spi-1 gene was found to be 
identical to the ets related transcription factor pu. 1 
[126,174,233,278]. In F-MuLV-induced erythroleukemia 
cell lines, the Friend leukemia integration-1 (Fli-l) locus 
was found to be rearranged in 75-90% of the cases 
[30,314]. Proviruses in Fli-\ were never detected in F-
MuLV induced myeloid or lymphoid leukemia cell lines. 
The Fli-l gene encodes an els related transcription factor 
that contains two autonomous transcriptional activation 
domains, one at the amino-terminal region (ATA domain) 
and the other at the carboxy-terminal region (CTA do
main) [31,289,293,408]. Since a third member of this gene 
family, avian v-ets, can also contribute to erythroleukemia 
induction [193,261], the activation of ets gene family 
members appears to be an important step in the progres
sion of these multistage malignancies. Interestingly, provi
ral integrations in Fli-l only occur in F-MuLV induced 
erythroleukemia and, similarly, Spi-l activation is found 
exclusively in FV- or SFFV- induced tumors, implying 
that Fli-l and Spi-l may be functionally distinct. This idea 
is supported by a recent study of Zhang et al., showing that 
Fli-l displays DNA-binding and transactivating activities, 

distinct from both Spi-l and ets-l [408]. These observa
tions suggest that the leukemic pathway induced by F-
MuLV and SFFV may involve the activation of different 
sets of downstream genes. Recently, the human FLl-l 
gene was also shown to be rearranged in several cases of 
Ewing's sarcoma, in which the amino-terminal region of 
FLI-1 was replaced with the amino-terminal domain (NTD) 
of a putative RNA-binding protein, EWS, due to a 
t(l I;22)(q24;ql2) chromosome translocation [95]. This 
EWS/FLI-1 chimeric protein has transforming potential in 
vitro, and functions as a transcriptional activator [219,266]. 
Because NTD-EWS shares homology with RNA poly
merase II, it was speculated that NTD-EWS may interfere 
with RNA polymerase II function [95]. On the other hand, 
deletion analysis provided evidence that NTD-EWS may 
contribute to the transcriptional activation function of 
EWS/FLI-1 by providing a modulatory/regulatory do
main [266]. 

Proviral integrations in the p53 tumor suppressor gene 
are almost invariably associated with the emergence of 
leukemic clones in FV- SFFV- or F-MuLV induced dis
ease (Refs. [32,67,104,147,244], reviewed in Ref. [161]). 
In addition to retrovirally induced mutations, deletions 
[27,305] and point mutations [252] are also observed. The 
net result of these mutations is a complete absence of p53 
expression or the synthesis of truncated forms of p53 
protein which may act as dominant negative mutants [169]. 
Wild-type p53 was shown to contain both transcriptional 
activation capacity [112,294] and sequence-specific DNA-
binding activity [107,117]. In cells that sustain damage to 
their DNA, or are subject to certain other stress conditions, 
wild type p53 restrains G l / S phase progression. In addi
tion, wild-type p53 is required for apoptosis 
[71,162,180,208,308,320,386]. Recently a gene, WAF1 / 
Cipl, was found to be induced by wild-type p53 [108,135]. 
Upon induction, its gene product, the human p21 or mouse 
p20, can bind to cyclin-dependent kinases (CDKs) and 
inhibit their action, resulting in cell cycle arrest before the 
cell is committed to divide [131,401]. Presumably, this 
enables DNA repair prior to division, thus preventing 
replication of damaged DNA. 

Serial transplantations of F-MuLV induced ery-
throleukemias into syngeneic mice, and subsequent cultur-
ing in vitro revealed that mutations in p53 are preceded by 
retroviral insertions in Fli-l, suggesting that activation of 
Fli-1 plays a pivotal role in the early stages of this disease, 
perhaps by inducing hyperprolifcration of erythroid pro
genitor cells, whereas p53 may rather be involved in 
immortalization [150]. This notion is supported by experi
ments demonstrating that the introduction of wild-type p53 
into p53-negative Friend erythroleukemia cell lines leads 
to cell death [162,308]. Moreover, transformation of 
p 5 3 ^ / _ fetal liver cells with a myc-raf retrovirus readily 
yielded immortalized and highly tumorigenic cell lines 
without the apparent need for additional genetic alterations 
[224]. In accordance with these observations, transgenic 
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mice expressing mutant p53 alleles were shown to be more 
susceptible to the late stage of FV-induced erythro-
leukemia [189]. In all leukemic clones derived from the 
virus-infected animals, Spi-\ was found to be activated, 
suggesting that the accumulation of these mutations, and 
not their order, is critical for development of Friend dis
ease. Nevertheless, in normal FV-infected mice inactiva-
tion of p53 is always preceded by activation of FliA or 
Spi-\ because homozygous mutations in the p53 gene may 
confer enhanced cell survival but will not necessarily 
cause a significant expansion of the population of affected 
crythroid progenitor cells. On the other hand, activation of 
FliA or Spi-l may induce increased self-renewal capacity, 
and consequently result in a marked expansion of the pool 
of cells available for subsequent genetic events. 

4.4. MuLV-induced myeloid Leukemias: c-myb, Evi-1, Evi-2, 
His-1, His-2 

When adult pristane-primed BALB/c mice are infected 
with M-MuLV, they develop M-MuLV-induced myeloid 
leukemia (MML) with a promonocytic phenotype, instead 
of T-cell lymphomas [321]. These tumors uniformly show 
activation of c-myb, whereas the oncogenes, associated 
with T-cell lymphomas, are not involved. Insertional muta
genesis of c-myb was also found in some tumors from 
pristane-primed mice infected with amphotropic MuLV or 
F-MuLV [250,396]. In all cases proviral insertion in c-myb 
results in truncation of the gene product at the amino- or 
carboxy-terminus [250,254,321]. It is likely that these trun
cations contribute to oncogenic activation since both the 
amino-terminal and the carboxy-terminal Myb domains 
have been shown to negatively regulate Myb activity 
(reviewed in [157]). The myb gene encodes a transcrip
tional regulator with sequence-specific DNA binding activ
ity [344,391], and a number of findings implicate myb as a 
key factor in hematopoietic cell proliferation and differen
tiation [157]. 

The ecotropic viral integration site 1 (EviA) was origi
nally identified in tumors from AKXD-23 mice, a recom
binant inbred strain that is predisposed to myeloid 
leukemias [247]. Both integrations in Evi-\ and in Fim-
3/CB-\ (located 90 kb upstream of the EviA locus) result 
in overexprcssion of EviA RNA with an intact coding 
region [19,20,237], Activation of Evi-\ appears to be 
restricted to myeloid leukemias; its involvement in other 
hematopoietic neoplasias has never been reported. In hu
mans, aberrant expression of the EVII gene may occur in 
acute myelogenous leukemias (AMLs) and myelodysplas
i a diseases as a result of t(3;3)(q2I;q26) chromosome 
translocations [197,236]. The Evi-1 gene encodes a nuclear 
protein containing 7 zinc finger repeats, clustered in an 
amino-terminal domain, and another 3 zinc finger motifs in 
a carboxy-terminal domain [216,237]. Interestingly, alter
native splicing of EviA precursors can generate mRNAs 

that differ by the number of zinc finger motifs [44]. In 
addition, an acidic domain has been identified in the 
carboxy-terminal part of the protein, suggesting that EviA 
may function as a transcription factor. Indeed, both the 
amino-terminal and the carboxy-terminal zinc finger do
main of EviA possess distinct sequence specific DNA-bi-
nding activities [97,114,238,280]. The ability of Evi-\ to 
block G-CSF-mediated granulocytic differentiation, when 
overexpressed in a myeloid progenitor cell line, has led to 
the hypothesis that inappropriate expression of the Eui-\ 
gene interferes with the terminal differentiation of hemato
poietic cells [235]. This view is supported by recent experi
ments with erythroid progenitor cell lines or normal bone 
marrow, showing that aberrant expression of Evi-1 in 
these cell types impairs EPO-supported differentiation 
and/or proliferation [178]. An interesting aspect is that 
erythroid differentiation has been shown to require GATA-
1, a transcription factor that binds to a sequence contained 
within the consensus binding site identified for EviA 
[285,332], Since Evi-1 can repress GATA-1-dependent 
transactivation in transient CAT-assays [178], inappropri
ate expression of EuiA might block erythropoiesis by 
repressing the transcription of a subset of GATA-1 target 
genes. 

BXH-2 mice have a high incidence of retrovirally in
duced myeloid leukemia, and therefore represent a valu
able model system for identifying cellular proto-oncogenes 
involved in myeloid disease. The Evi-2 locus was found to 
be rearranged in several tumors induced in MuLV-infected 
BXH-2 mice [56]. Subsequent studies showed that Evi-2 
was located on mouse chromosome 11 in a large intron of 
the neurofibromatosis type 1 (Nfl) gene, which encodes a 
GAP-related tumor suppressor gene [57,402,403]. Within 
this intron, and flanking the cluster of viral insertions, 
three genes, Evi-2h, Evi-2B and omgp, were identified 
[55,61,382,383]. Proviral integrations in Evi-2 do not seem 
to affect transcription of these three genes, but result rather 
in the production of truncated Nfl transcripts and no 
stable, full-length neurofibromin [188], In all cases, the 
second Nfl allele was found to be inactivated as well, 
suggesting that this allele also carries mutations. This 
notion was supported by the finding that one of the BXH-2 
tumors harbored proviruses in both Evi-2 alleles. Although 
neurofibromin is a Ras GTPase-activating protein, its loss 
in BXH-2 leukemic cell lines was not correlated with an 
increased steady-state level of Ras-GTP, suggesting that, at 
least in myeloid cells, Ras-GAP activity is mediated by 
other factors. Moreover, GAP activity and tumor suppress
ing activity in myeloid leukemia might be separate func
tions of Nfl. 

Both CasBrE-MuLV and CasBrM-MuLV have been 
isolated from the Lake Casitas wild mouse. These viruses 
have been studied by several groups for their ability to 
induce spongiform encephalopathy, manifested as a pro
gressive neurogenic hind-limb paralysis (reviewed in 
[121]), but they are also potent leukemogens. Whereas 
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CasBrM-MuLV induces a wide spectrum of hematopoietic 
neoplasms, including T and B cell lymphomas, myeloge
nous leukemias, and erythrolcukcmias, CasBrE-MuLV 
causes predominantly non-T, non-B-cell lymphomas (see 
Section 4.5). Two common insertion sites, His-] and 
His-2, have been cloned from a CasBrM-MuLV-induced 
IL-3-independent myeloid leukemia cell line [13]. Both 
loci were found to be rearranged in a small subset of 
hematopoietic tumor cell lines. Whereas His-2 is tightly 
linked to Gin-], a common insertion site in Gross passage 
A MuLV-induced T-cell lymphomas [379], His-l repre
sents a novel locus. Subsequently, proviruses in His-] 
were shown to activate a flanking gene via promoter 
and/or enhancer insertion [14]. An intriguing aspect of 
His-] is that, although the gene is expressed as a spliced 
and polyadenylatcd RNA, it lacks an extensive open read
ing frame. This feature, although rather unusual, is shared 
by other RNA molecules believed to function in the ab
sence of translation [47,54]. 

4.5. MuLV-induced malignancy in early hematopoietic 
precursors: Fll-], p53 

Two isolates of MuLV, 10A1 MuLV CasBrE-MuLV, 
cause almost exclusively non-T, non-B-cell lymphomas 
[35,269]. Extensive immunophenotypic analysis revealed 
that 10A1 tumor cells exhibit phenotypic properties which 
are found in early precursor cells of a wide range of 
hematopoietic lineages [268]. The diversity of these mark
ers makes it impossible to place the cells in a single 
lineage. However, the presence of markers, characteristic 
for early lineage-committed precursors, suggested that 
10A1 induces a leukemia of hematopoietic multipotential 
cells that are blocked at an early stage of differentiation, at 
which they express multiple lineage-committed precursor 
markers. In all 10A1-induced tumors, and in the majority 
of the CasBrE-induced leukemias, proviral insertions in 
Fli-1 were observed, often in combination with integra
tions in p53 [33,268]. Thus, activation of Fll-] is impor
tant, both for the development of erythroleukemia induced 
by F-MuLV and for malignancy in early hematopoietic 
precursors induced by CasBrE or 10A1. Interestingly, these 
two very different diseases correlate with two different 
mechanisms of FH-] activation. All CasBrE/lOAl in
duced tumors contain a Fit-] allele that is activated by 
promoter insertion, whereas in Friend MuLV-induced ery
throleukemia only enhancer activation is observed [268]. 
This implies a causal relation between the nature of the 
disease and the way in which the normal expression of 
FU-] is disrupted. In addition, the preference for Fli-i 
activation by promoter insertion in case of the 
CasBrE/10A1 induced tumors suggests that Fll-] pro
moter sequences immediately 5' of the translational start 
signal play a crucial role in stem cell Fll-] regulation. 

5. Progression of MuLV-induced T-cell lymphomas 

Cancer arises via a multi-step process in which a nor
mal cell progresses to a fully malignant tumor cell via a 
recurrent mechanism of clonal expansions triggered by 
(epi)genetic lesions [384]. Since retrovirally induced neo
plasias acquire increasing numbers of proviruses in their 
genome during progression in vivo and passage of tumor 
cells in vitro, it is conceivable that MuLV can also con
tribute directly to later stages of the tumorigenic process. 
Such progression steps may involve reduced growth con
trol, acquired invasiveness, or increased metastatic poten
tial [288]. Both in vivo and in vitro selection procedures 
have been described which can be used to isolate and 
characterize oncogenes involved in tumor progression and 
metastasis [257]. Both systems have specific advantages 
and limitations, and in this respect they may quite well 
complement one another. While the nature of the selection 
pressure in in vitro assays is relatively well-defined, these 
systems reflect the in vivo situation to a limited extent. 
Another point of consideration is that adaptation of a 
tumor cell population to growth in vitro already constitutes 
a strong selection. Not only may the resulting cell line be 
derived from a minor subset in the initial tumor cell 
population, but the adaptation process may also have caused 
selection for additional genetic lesions. In vivo selection 
systems on the other hand provide not only a different 
micro-environment and physical barriers to invasion, but 
also expose the cells to an intact immune system as well as 
humoral and cell-mediated growth controls. Consequently, 
the nature of the selection pressure involved in tumor 
progression in vivo is often obscured by the complexity of 
the system. 

5.1. In vivo progression: p53, Tic-1 

For a number of different tumor models it has been 
reported that proviruses had integrated in more than one 
common insertion site within a single tumor cell clone. 
Examples are insertions in the Wnt-]/int-] and Fgf-i/int-
2 loci in mammary carcinomas [72,284], the insertions in 
Pvt-]/MIvi-]/Mis-], Mlvi-2 and Mlui-3 in MuLV-in
duced rat T-cell lymphomas [362], insertions near c-myc 
and Pirn-] in T-cell lymphomas in mice [88], near Fim-
2/c-fins and Fim-3/CB-] in murine myeloid tumors [111], 
and near c-myc and bic-] in ALV-induced B-cell lym
phomas in birds [75]. Activation of multiple genes in one 
tumor cell clone implies that these genes collaborate in the 
tumorigenic process. A model explaining integrations in 
multiple common insertion sites has to take into account 
that the probability of simultaneous insertion of two or 
three common insertion sites within the same cell is ex
tremely low. Hence, consecutive integration has to be 
assumed. A possible way to distinguish between initial 
events and progression steps is to monitor clonal selection 
after serial transplantation of the initial tumor. 
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Transplantation of primary tumor cells will often lead to 
the selective outgrowth of clones with more malignant 
characteristics. An example that has already been men
tioned earlier is the insertional mutagenesis of p53, occur
ring upon in vivo passaging of F-MuLV induced ery-
throleukemias (Section 4.3). Likewise, serial transplanta
tions of primary M-MuLV-induced T-cell lymphomas in 
syngeneic mice resulted frequently in transplanted tumors 
carrying additional proviral insertions. Occasionally, trans
plantation of a monoclonal primary tumor in several inde
pendent recipients yielded invariably transplanted tumors 
with a single additional proviral integration. These trans
planted tumors were clonal descendants of the primary 
tumor, as judged by the otherwise identical pattern of viral 
integrations and the similar cell surface expression of 
hemopoietic markers [88]. Although this selective out
growth might be caused by other mutations, it is conceiv
able that the additional "transplantation-specific' proviral 
integration is causally related to the selective advantage of 
the subset of tumor cells carrying that integration. Detec
tion of this retroviral insertion in the primary tumor might 
be obscured, simply because the mouse is moribund well 
before the affected tumor cells constitute a significant 
fraction of the primary tumor. In this case, transplantation 
would prolong the effective life-span of the primary tumor, 
and result in further outgrowth of the affected cells to a 
detectable level. It is important to note that in vivo trans
plantation in immune-competent syngeneic recipients may 
impose a supplementary selection pressure on the tumor 
cell population, since a number of primary tumors were 
unable to grow in transplanted animals [50]. 

Indeed, cloning of transplantation-specific proviral inte
grations has led to the discovery of a novel common 
insertion site. This locus was originally designated Pim-2, 
but has been renamed 77c-1 (transplantation-specific inte
gration cluster I) since a structural and functional homo
logue of Pim-\ was identified recently [367]. The 77c-1 
locus was found to be rearranged in approximately 60% of 
the transplantable T-cell lymphomas from wild-type mice 
infected with M-MuLV [50]. Whereas tumor cells with a 
rearranged 77c-1 allele formed only a small fraction ( < 
10%) of the primary tumor cell population, this fraction 
expanded clonally after passaging in vivo, resulting in 
transplanted tumors with an insertion at 77c-1 in the vast 
majority of their cells. Thus far. an 80 kb region surround
ing the Tic-i integration cluster has been analyzed in 
detail, but no transcriptional activity could be detected that 
was affected by proviral integrations in 77c-l (M. Breuer 
and J. Jonkers, unpublished data). 

5.2. In vitro progression: Tpl-1, Tpl-2, Tiam-1 

Prolonged culturing of cell lines derived from M-MuLV 
induced rat T-cell lymphomas often results in the emer
gence of subclones that have acquired an additional provi
ral integration. Cloning of such provirus-integrations re

vealed two new common insertion sites, named tumor 
progression locus 1 (Tpl-l) and Tpl-2, respectively. The 
7/7/-1 locus, which was rearranged in a small percentage of 
the tumor cell lines, is located immediately 5' of the first 
exon of ets-l, suggesting that integrations in Tpl-\ may 
influence expression of the ets-] transcription factor [24]. 
While steady-state levels of ets-] mRNA and ets-l protein 
were only modestly elevated in tumors carrying a provirus 
in Tpl-1, no differences in polyadenylation, transcriptional 
initiation and differential splicing of ets-l mRNA could be 
detected [25]. It was therefore suggested that provirus 
insertion in Tpl-1 may exert a subtle effect on the expres
sion of ets-\, perhaps during cell cycle progression. 

The Tpl-2 locus was shown to be rearranged in certain 
subclones derived from Tpl-2 negative rat T-lymphoma 
cell lines, as well as in 22.5% of the primary lymphomas, 
implying that proviral insertions in Tpl-2 may confer a 
selective advantage both in vivo and in culture [275]. The 
Tpl-2 locus contains a gene encoding a protein kinase that 
is highly homologous (87% identical) to a previously 
identified human gene, cot, which was cloned from trans
formed foci induced in SHOK cells by transfection of 
human genomic DNA [229]. Proviruses in 7>/-2 had all 
integrated in the last intron and in the same transcriptional 
orientation, resulting in the enhanced expression of a trun
cated protein lacking 43 carboxy-terminal residues 
[212,275]. The absence of this carboxy-terminal tail in 
mutant Tpl-2 might disturb (auto)regulation of its enzy
matic activity. Transfection experiments in COS-1 cells 
indicate that Tpl-2 may function in the activation of the 
mitogen-activated protein kinase (MAPK) signal transduc
tion pathway [276]. 

An elegant strategy for the identification of genes in
volved in invasion has been developed by Habets et al. 
They combined provirus tagging with in vitro selection for 
invasiveness [132]. The BW5147 murine T lymphoma cell 
line, used in the in vitro assay, is not capable of infiltrating 
into monolayers of hepatocytes or fibroblasts, but invasive 
variants could be selected after repeated removal of the 
non-infiltrated cells [79,303], The invasive capacity in 
vitro was shown to correlate well with the formation of 
experimental metastases in nude mice or syngeneic AKR 
mice. The occurrence of invasive variants was markedly 
accelerated when BW5147 cells were infected with M-
MuLV prior to in vitro selection, indicating that insertional 
mutagenesis could induce the invasive phenotype [132], In 
agreement with this, different subclones, derived from an 
invasive M-MuLV infected cell population, showed an 
identical proviral integration pattern, demonstrating the 
clonal origin of the invasive variants. In independent vari
ants a common insertion site, termed Tiam-\, was identi
fied that contained two proviral integration clusters. Both 
clusters were shown to correspond to two successive exons 
of a single gene, and all proviruses had integrated in the 
same transcriptional orientation relative to this transcrip
tion unit. Interestingly, one invasive variant contained an 
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amplified Tiam-\ locus. The Tiam-l gent encodes a pro
tein of 1591 residues that contains a Dbl-homologous 
(DH) domain as well as two Pleckstrin-homologous (PH) 
domains and PEST sequences. Both the DH domain and 
the PH domain are present in several guanine nucleotide-
dissociation stimulators (GDSs) that act on Ras- or Rho-like 
GTPases [42]. Since members of the Rho family have been 
implicated in signal transduction pathways regulating cyto-
skeletal structures, aberrant expression of Tiam-l might 
lead to invasiveness due to effects on cytoskeletal organi
zation. Indeed, when introduced into 3T3 fibroblasts, 
Tiam-l induces the same cytoskeletal changes as constitu-
tively activated mutant Racl, including membrane ruffling 
[226]. This phenotype was inhibited by a dominant nega
tive mutant of Racl. Moreover, constitutively activated 
Racl can also confer the invasive phenotype to BW5147 
cells [226]. 

The proviral insertions in both clusters disrupt the 
Tiam-\ open reading frame, resulting in truncated tran
scripts that encode a short amino-terminal fragment con
taining the PEST domains and a large carboxy-terminal 
fragment containing the DH domain and both PH domains 
[132]. The truncated 5'-end transcripts terminate in the 5' 
LTR of the inserted provirus, whereas the truncated 3'-end 
Tiam-\ transcripts initiate in the 3' LTR (see Fig. ID). In 
invasive variants harboring a provirus in the downstream 
cluster both truncated Tiam-l polypeptides were produced, 
and transfection experiments in BW5147 cells indicated 
that both the amino-terminal and the carboxy-terminal 
Tiam-l fragment may induce the invasive phenotype. The 
fact that one variant with a Tiam-l amplification was 
selected suggests that overexpression of the intact protein 
would also induce invasiveness, although it cannot be 
excluded that the amplified Tiam-l gene has acquired 
subtle mutations in its coding sequences. 

6. MMTV-induced mammary carcinomas 

Mouse mammary tumor virus is a type B retrovirus that 
usually causes adenocarcinomas of mammary epithelial 

tissue after a long latency period. MMTV can be transmit
ted in two ways. In the GR mouse strain the virus is 
transmitted endogenously via the germ line since these 
mice contain an endogenous MMTV locus on chromosome 
18, Mtv-2, which expresses the MMTV provirus at high 
levels [225]. In most susceptible mouse strains, like C3H 
and BR6, MMTV expression in the mammary gland of an 
infected female is markedly increased during lactation 
under the influence of steroid hormones. As a result, 
MMTV is secreted in the mother's milk and transmitted 
exogenously to the offspring, probably through the gut 
epithelium. The targets of primary infection are most likely 
to be the B cells present either within the intestinal envi
ronment or in the associated Peyer's patches. An important 
feature of the MMTV provirus is that the 3' LTR contains 
an open reading frame that encodes a superantigen (SAg), 
and, following reverse transcription and integration of the 
provirus, this viral superantigen is presented on the cell 
surface together with MHC class II molecules [66]. In this 
way the infected B cells stimulate the proliferation of 
Sag-reactive CD4 + T cells which in turn induce 
cytokine-mediated proliferation of the Sag-presenting B 
cells [145]. This process ultimately results in a stable pool 
of IgG-expressing B cells which presumably represents the 
initial reservoir of infectious virus. At present it is not 
known whether additional events are required to mediate 
infection of the mammary gland. 

MMTV-infected mice develop initially preneoplastic 
hyperplastic alveolar nodules (HAN) [241]. These nodules, 
and also the primary tumors that develop within these 
hyperplasias, are hormone-dependent: they are evoked by 
pregnancy and regress after parturition. After several cy
cles of pregnancy, or after serial transplantation in cleared 
mammary fat pads of syngeneic mice, tumors arise that 
eventually become hormone independent. Molecular analy
sis of MMTV-induced tumors has led to the discovery of a 
number of cellular oncogenes activated by MMTV proviral 
insertions (see Table 2). Interestingly, most of these onco
genes encode secreted molecules that belong either to the 
Wnt gene family or to the Fgf growth factor family. The 
members of the FGF family and Wnt proteins have various 

Common insertion sites involved in MMTV induced mammary carcinomas 

Locus Gene 
symbol 

Chromosome Enhanced 
mRNA 

Gene product Rets. Gene 
symbol 

Enhanced 
mRNA 

Gene product 

I luman 
Wnt-l (int-]) Wntl 15 12ql3 + morphogen [263,370] 
Wnl-3 (int-4) Wnl3 II I7q21-q22 + wnt related protein [301.370] 
Wnt-Wb 15 + wnt related protein [191] 
Fgf-3 Unt-2) Fgfl 7 1 lql 3.3 + growth factor [281.370] 
Fgf-4/hsl Fgf4 7 Ilql3.3 + growth factor [282,370] 
Fgf-S 19 + growth factor [211] 
in 1-3 lnt3 17 6p21.3 + Notch related protein [1 19,298.370] 
int-5 InlS 9 + aromatase [242,351] 
int-6 11 + [214] 
HU-41 lnl41 6 '•' [120] 

26 



Introduction 

J. Jonkers, A. Berns / Biocliimica el Biophysica Ada 1287 (1996) 29-57 

characteristics in common. They appear to be involved in 
many crucial developmental decisions, functioning as 
short-range intercellular signalling molecules, and both 
FGF and Wnt proteins can associate tightly with extracel
lular components of the extracellular matrix (ECM). The 
notion that both Writs and Fgfs are critical for normal 
patterning during embryogenesis, underscores the link be
tween oncogenesis and normal development. 

Most if not all genes that have been cloned as common 
insertion sites in MMTV-induced mammary tumors, ap
pear to be involved in the initial steps of the tumorigenic 
process, since proviruses in these genes can already be 
detected in HANs or the hormone dependent tumors 
[240,242,283,302]. The late events that mediate hormone-
independence (HI) are probably not caused by MMTV 
insertions, since most of the resulting HI tumor clones do 
not contain extra MMTV proviruses [223]. 

6. /. Wnt genes 

Thus far three members of the Wnt gene family have 
been identified as targets of MMTV: Wnt-\/int-\ [263], 
Wnt-i [301] and Wnt-Wb [191]. Another Wnt gene, Wnt-2, 
was found to be amplified in progressed (hormone inde
pendent) GR mouse mammary tumors [302]. In addition, a 
great number of Wnt genes have been cloned by homology 
from a variety of metazoan species. The murine genome 
contains as many as 14 Wnt genes, most of which are 
expressed in spatially and temporally restricted expression 
patterns during embryonic development [274], suggesting 
that they have specific developmental functions. Indeed, 
ectopic expression of Wnts in Xenopus [337] and loss-of-
function studies in the mouse [221,353] have demonstrated 
that alterations of Wnt expression have profound effects 
on the development of the organism. Overexpression of 
Writ-] in the mammary gland of MMIV-Wnt-] transgenic 
mice causes massive proliferation of mammary epithelial 
cells, resulting in hyperplastic glands [364], 

Better insight into the role of Wnts has come from 
genetic studies of the Drosophila Wnt-] gene, wingless 
(wg). which was first identified by a mutation that resulted 
in loss of adult wings. Various studies showed that the Wg 
protein is a segment polarity gene, involved in embryonic 
segmentation, cell fate determination, cell proliferation and 
axis specification [327]. Although Wg plays many different 
roles during Drosophila embryogenesis, the recurrent 
theme is that Wg appears to function as a intercellular 
signalling molecule which conveys positional information. 
In the embryonic epidermis, Wg is expressed in a single 
row of cells within each segmental unit, although its 
activity is required for the correct patterning of most of the 
epidermis. Initially Wg signals to adjacent posterior cells, 
thereby maintaining engrailed (en) expression [86,365]. 
Later during embryogenesis, Wg specifies the differentia
tion of naked cuticle. An interesting parallel between wg 
mutant flies and Wnt-\ mutant mice is that in both cases 

engrailed-expressing cells are lost [222]. Analysis of mu
tant flies that have segmentation phenotypes similar to wg 
mutants has identified several potential components of Wg 
signalling in embryonic patterning, including zeste-white 3 
(zw3), porcupine (pore), dishevelled (dsh) and armadillo 
(arm) [328]. 

Although Wnt proteins have a signal sequence, they are 
poorly secreted when overexpressed in tissue culture cells 
[270]. In fact, they remain predominantly associated with 
the cell surface and/or with the ECM and diffusion ap
pears to be limited by binding to ECM-components such 
as heparan sulfate proteoglycan (HSPG) [46]. Conse
quently, while Wnts appear to act by a paracrine mecha
nism, their activity is restricted to a ring of approximately 
5-10 cells in diameter. An important drawback is the fact 
that receptors for Wnt proteins have not been identified, 
and it is currently unknown whether multiple Wnt proteins 
can bind to the same receptor. However, both Wnt-] and 
Wnt-3 can contribute to mouse mammary tumorigenesis, 
even though they are not expressed in normal mammary 
gland tissue. It is therefore likely that at least some Wnt 
proteins can bind to heterologous receptors. Since there is 
an inverse correlation between the transforming potential 
of Wnt genes and their normal expression in the mammary 
gland, it is possible that ectopic Wnt expression interferes 
with the interaction between normally expressed Wnt pro
teins and their receptors [399]. 

6.2. Fgf genes 

Of the eight members of the FGF growth factor family, 
three were shown to be implicated in MMTV-induced 
tumorigenesis: Fgf-3/int-2 [281], Fgf-4/hst [282] and 
Fgf-8 [211]. The Fgf-4/hst gene was originally identified 
as a gene, present in high molecular weight DNA from 
human stomach cancer and Kaposi sarcoma, able to trans
form 3T3 cells. In man and in mouse, Fgf-3 and Fgf A are 
closely linked, and a minority of the proviral insertions 
found in this region activate Fgf-4 rather than Fgf-3. 
However, in some cases both genes are expressed [282]. 
Transcription of Fgf-3 is complex; in independent tumors, 
different messenger RNAs are produced due to differential 
use of promoters and polyadenylation signals [334]. In 
some MMTV-induced tumors, the activating provirus lies 
within the transcription unit, thereby structurally altering 
the Fgf-3 initiation sites. However, all transcripts contain 
an intact Fgf-3 encoding open reading frame [99]. Fgf-S 
was recently shown to be activated by proviral insertions 
in MMTV-induced mammary tumors from W/ir-1 trans
genic mice [211]. 

Fgf-3, Fgf-4 and Fgf-8 share a number of structural 
features. Most notably, they contain a signal peptide but 
lack a transmembrane domain, implicating that they are 
secreted. Indeed, both Fgf-3 and Fgf-4 are glycosylated 
and transported to the outside of the cell, where they 
become associated with the ECM [96,172], although the 
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release of Fgf-3 from transfected COS-1 cells is rather 
inefficient compared with that of Fgf-4. In apparent contra
diction to its behavior as an extracellular growth factor, is 
the observation that the majority of Fgf-3, produced in 
transfected COS-1 cells, is located in the nucleus [1]. The 
reason for this anomaly is that Fgf-3 protein synthesis in 
vitro and in transfected cells predominantly utilizes an in 
frame upstream CUG initiation codon. Although both 
CUG- initiated and AUG-initiated Fgf-3 contain a nuclear 
localization signal, the AUG-initiated product enters the 
secretory pathway, perhaps because its nuclear localization 
signal is masked [1]. The subcellular fate of CUG-initiated 
Fgf-3 appears to be determined by competition between 
nuclear localization and secretory signals [170]. Similar to 
CUG-initiated Fgf-3, Fgf-1 and CUG-initiated Fgf-2 iso-
forms are translocated to the nucleus [16,45,58]. Mutant 
Fgf-1, lacking a nuclear localization signal, retains its 
ability to induce intercellular receptor-mediated tyrosine 
phosphorylation but lacks mitogenic activity, indicating 
that nuclear translocation is important for its biological 
response [156]. The receptors for members of the Fgf 
family are transmembrane molecules with extracellular 
immunoglobulin-like domains and an intracellular tyrosine 
kinase domain [370]. Experiments with soluble Xenopus 
Fgf-3 indicate that Fgf-3 specifically interacts with FGF 
receptors 1 and 2 [171]. 

FGFs are widely expressed during embryogenesis, and 
the developmental expression patterns of Fgf-3, as deter
mined by in situ RNA hybridization, suggest multiple roles 
during embryogenesis [349,392]. Most intriguing is the 
Fgf-3 expression seen in presumptive mesodermal cells, 
migrating through the primitive streak during gastmlation. 
Nevertheless, mice lacking a functional Fgf-3 gene are 
viable, and they display only limited developmental de
fects [213]. Also Fgf-4 is expressed during embryogenesis 
[259]. Interestingly, Fgf-4 appears to be the key factor that 
mediates signaling of the apical ectodermal ridge (AER) 
during limb development [260]. Transgenic mice have 
been generated in which expression of the Fgf-3 gene is 
driven by the MMTV promoter/enhancer [251]. While 
transgenic females display a pronounced mammary gland 
hyperplasia, expression of MMTV-Fgf-3 in the prostate 
gland of male carriers results in a benign epithelial hyper
plasia, indicating that Fgf-3 can act as a growth factor in 
different epithelial tissues. 

6.3. int-3, int-5 and int-6 

int-3 is a common insertion site of MMTV which is 
frequently activated in MMTV-induced tumors in the 
Czech-2 mouse strain (40%) and the more recent Jyg strain 
(43%) [118,119,31!]. The configuration of inserted 
proviruses with respect to the int-3 gene is reminiscent of 
the proviral integrations in 77am-1 (Section 5.2). In all 
cases, proviruses have integrated in a 500 bp region, 
encoding the transmembrane domain of int-3, in the same 

transcriptional orientation. Consequently, upstream int-3 
transcription is terminated in the 5' MMTV LTR, while 
downstream int-3 transcription is driven by the 3' LTR 
promoter [298]. Sequence analysis of tumor-specific cDNA 
clones corresponding to the downstream part of int-3 
revealed an open reading frame encoding a 57 kDa protein 
with significant homology to the cytoplasmic part of the 
Drosophila Notch transmembrane protein and with the 
yeast cell cycle regulatory proteins cdclO and SWI6. An 
interesting parallel between int-3 and Notch is that deletion 
of the extracellular domain of Notch leads to gain-of-func-
tion mutations in Notch [295]. Indeed, activation of int-3 
appears to be the result of a truncation of the extracellular 
domain, since ectopic expression of the int-3 cytoplasmic 
domain in transgenic mice causes hyperproliferation of all 
glandular epithelia in which the transgene is expressed 
[160], A question that still remains to be answered is 
whether the extracellular int-3 domain is expressed in 
mammary tumors carrying an MMTV provirus in int-3, 
because it cannot be ruled out that also this truncated int-3 
product contributes to mammary tumorigenesis. 

int-5, originally named int-H, was found to be rear
ranged in three chemically induced hyperplastic alveolar 
nodules (HAN) and the tumors that arose from these 
precancerous mammary hyperplasias after transplantation 
[130,242]. Recent data indicate that proviaises in int-5 
have integrated in the 3' untranslated region of the aro-
matase gene, resulting in enhanced levels of aromatase 
mRNA [106]. Aromatase is a member of the cytochrome 
F-450 gene superfamily, and the enzyme catalyzes the 
conversion of androgen to estrogen, which is a rate-limit
ing step in estrogen biosynthesis. Subsequent studies with 
several cell lines, derived from the original HAN with a 
rearranged int-3 allele, showed that proliferation induced 
by the aromatase substrate androstenedione correlates with 
the levels of aromatase mRNA [351]. In this respect it is 
interesting to note that in human breast cancers high 
intra-tumoral estrogen concentrations arc frequently ob
served. Striking examples are breast tumors from post
menopausal women. Also these tumors maintain a high 
estrogen content, even though the plasma levels of estra
diol fall to low levels following menopause [207], Since 
intra-tumoral aromatase activity has been reported in hu
man breast carcinomas, it is possible that the observed 
high tumor estrogen concentrations reflect an increased 
activity of this enzyme [207,309]. 

The highly conserved int-6 gene, cloned as a common 
MMTV insertion site in Czech 2 hyperplastic outgrowth 
lines (HOG), encodes a protein of unknown function [214]. 
An interesting aspect is that all proviruses in int-6, mapped 
thusfar, have integrated in a reverse orientation in one of 
the introns of the gene. The presence of a cryptic transcrip
tion stop signal in the reverse sequence of the MMTV 
LTR leads to premature transcription termination, resulting 
in novel /nf-6/LTR chimeric mRNA species which en
code different forms of truncated int-6 (see Fig. i E). The 
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biological significance of these aberrant int-6 proteins is 
still unclear. 

7. Oncogene collaboration and complementation 

As we have discussed in the previous sections, the 
multistep development of cancer reflects sequential muta
tions that either activate proto-oncogenes or disrupt tumor 
suppressor genes. Hematopoietic neoplasms may require 
fewer steps than most solid tumors, because many hemato
poietic cells are inherently migratory. Nevertheless, the 
minimal requirements may include enhanced self-renewal 
capacity, increase in autonomous growth and, ultimately, 
escape from terminal differentiation. To address the ques
tion of whether a given combination of oncogenes can act 
synergistically in tumorigenesis, in vitro transformation 
assays, retroviral gene delivery to hematopoietic cells in 
vivo and in vitro, and oncogene-bearing transgenic mice 
have been employed in various studies (reviewed in Refs. 
[2,3,36,306,3871). In transgenic models, tumorigenesis can 
be accelerated by introducing another oncogene or by 
using a retrovirus as an insertional mutagen. Retroviral 
infection of oncogene-bearing transgenic mice was shown 
to be particularly powerful strategy to identify genes that 
effectively collaborate with the transgene in tumorigenesis. 
Moreover, this approach expands the number of consecu
tive steps that can be identified in the system. Another 
advantage is that proviral tagging in transgenic animals 
may be more focused to a specific cell lineage and/or 
stage of differentiation, since these mice are predisposed to 
specific tumors depending on the nature and expression 
pattern of the constitutively expressed oncogene. Examples 
that have already been mentioned earlier involve provirus 
tagging in Efi-myc transgenic animals (Section 4.2) and in 
mice carrying a dominant negative p53 transgene (Section 
4.3). Likewise, F-MuLV infection of susceptible gp55 
transgenic mice revealed collaboration between gp55, Spi-l 
and p53 in the resulting erythroleukemias [7]. 

While certain combinations of activated oncogenes are 
highly favored, others are not. For example, in tumors 
from MuLV-infected Efx-Pim-l transgenic mice proviral 
activation of both c-myc and N-myc has never been ob
served to occur within a single cell, simply because activa
tion of c-myc does not any longer confer a selective 
advantage to a cell which already overexpresses N-myc, 
and vice versa [373]. Two conclusions can be drawn from 
this experiment: (1) activation of c-myc and N-myc are 
mutually exclusive, and (2) both genes can effectively 
cooperate with Pim-\ in lymphomagenesis. Hence, c-myc 
and N-myc belong to the same complementation group. In 
a similar way, several other complementation clusters have 
been identified: Pim-l and Pim-2; Bmi-\ and Pal-l; 
members of the Wnt gene family; and members of the Fgf 
gene family. Most of the above-mentioned complementa
tion clusters consist of close relatives that may act in a 

functionally redundant fashion, but this is not always the 
case. An example of two unrelated genes that appear to 
collaborate with c-myc in a mutually exclusive manner, 
namely Bmi-l and Pal-l, is discussed in Section 7.2. In 
principle all genes that on the molecular level act in a 
given pathway or in parallel pathways resulting in identical 
cellular responses, may confer the same selective growth 
advantage when mutated. Consequently, these genes may 
have identical collaborators) in tumorigenesis, while their 
activation remains mutually exclusive. Thus, complemen
tation mapping via proviral tagging in oncogene-bearing 
transgenic mice may be a valuable tool in unravelling the 
presumably limited number of signal transduction path
ways that are essential for tumorigenesis. In this respect it 
is worthwhile to mention the approach which is discussed 
in Section 7.3. This so-called 'complementation tagging' 
strategy represents a powerful new tool to identify compo
nents of pathways involved in tumorigenesis. 

7.1. M-MuLV infection of E/j,-Pim-l and E/x-myc trans
genic mice 

Whereas spontaneous T-cell lymphomas were very in
frequent in Ep-Pim-l transgenic mice (5% within 6 
months), infection with M-MuLV resulted in a rapid induc
tion of T-cell lymphomas [373]. In almost 80% of the 
retrovirally induced lymphomas, proviral insertions in the 
Ice-\/'Gfi-l/'Pal-\/'Evi-5 locus were observed (B. Schei-
jen, personal communication). In addition, every tumor 
involved an activation of either c-myc or N-myc, under
scoring the potency of the Pim-myc combination. Indeed, 
an E/i-Pim-l/Efi-myc cross revealed an unrivalled syner
gism: nearly all double-transgenic progeny exhibited pre-B 
leukemia in utero [376]. Nevertheless, the clonal origin of 
the tumors that arose after transplantation of the leukemic 
cells implied that additional mutations are required for full 
malignancy. Strong synergism is not limited to the combi
nation E fi-myc /E fi-Pim-1 ; complementation of E fi-ti-myc 
or Efi-L-myc transgenic mice by breeding with Efi-Pim-l 
animals results also in enhanced lymphomagenesis [239]. 

In tumors from M-MuLV infected Efi-myc transgenic 
mice, four loci (Bla-l, Bmi-\, Pal-\ and Pim-l) were 
frequently occupied by proviruses, implying that these loci 
contain genes that are able to synergize with the Efi-myc 
transgene in lymphomagenesis (Section 4.2). Recently, 
formal proof for the cooperation of Z?mi-1 and c-myc was 
obtained via crosses between Efi-Bmi-l and Efi-myc 
transgenic mice ([139], M. Alkema, personal communica
tion). In some monoclonal Efi-myc tumors integrations in 
both Pim-l and Bmi-l/Bla-l were found while others 
contained rearrangements in both Pim-l and Gfi-l/Pal-l, 
suggesting that, in addition to an aberrant c-myc expres
sion, the activation of at least two additional genes within 
one cell is required for B-cell transformation [374]. With 
the exception of one tumor, that might be oligoclonal, 
proviral insertions in Bmi-l and Pal-l were never ob-
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served in the same MiiLV-induced Efi-myc tumor, sug
gesting that activation of Bmi-l and Gfi-l/Pal-l is mutu
ally exclusive. This notion was supported by the observa
tion that none of the tumors, derived from MuLV-infected 
Bmi-l transgenic mice, contained a rearranged Pal-l allele 
(M. Alkema, personal communication). It is therefore 
tempting to speculate that these two genes act at different 
points in the same pathway, or alternatively in parallel 
pathways, although at present no molecular data are avail
able that substantiate this hypothesis. 

One might infer that concerted activation of Pirn, myc 
and Gfi/Pal, or overexpression of Pirn, myc and Bmi 
within the same cell, are two of the possible scenarios that 
render pre-B cells fully malignant. An obvious approach to 
identify genes that synergize with the Pim-myc combina
tion would involve provirus tagging of Pim/myc double-
transgenic mice. This seems feasible in case of the E/z-L-
myc/E/LL-Pim-] mice, since these animals succumb to 
T-cell lymphomas by 14 wk [239]. Infection of newborn 
E/x-N-myc /E/x-Pim-l mice with M-MuLV would not re
sult in a marked acceleration, since these mice develop 
spontaneous pre-B cell lymphomas within 6 wk, only 
shortly after overt viremia can be detected. Consequently, 
the relevant genetic lesions would most likely result from 
spontaneous mutations instead of proviral integrations. An 
alternative approach involves the coelectroporation of the 
E/x-c-myc and Ejx-Pim-} transgenes in embryonic stem 
(ES) cells, and the generation of chimeric mice (M. van 
Roon, unpublished data). These mice will express both 
transgenes in only a fraction of the hematopoietic cells. 
Hence, normal cells might suppress transformation of 
neighboring cells and, consequently, lymphoma onset in 
these mice might be delayed sufficiently to allow the 
identification of Pim-myc collaborators via provirus tag
ging. Such a delayed lymphoma onset may also be accom
plished by generating bone marrow chimeras using fetal 
liver cells from E/n.-Pim-\ /E/x-c-myc doubly transgenic 
embryos (M. van Roon, unpublished data). These cells 
may be infected with M-MuLV in vitro, prior to transplan
tation in lethally irradiated recipients. 

7.2. M-MuLV infection of ELt-N-ras and Ejx-c-abl trans
genic mice 

Transgenic mice overexpressing a mutant, activated 
N-ras gene within hematopoietic tissues sporadically de
velop T-cell lymphomas and non-lymphoid tumors that 
may be of macrophage origin [140]. M-MuLV infection of 
newborns greatly accelerated the development of almost 
exclusively T-cell lymphomas. In 68% of these tumors 
integrations in c-myc were detected, and an additional 13% 
harbored a rearranged N-myc allele. In all cases, proviral 
insertion was associated with enhanced expression of these 
genes, demonstrating that the strong synergism between 
myc and ras as observed in transformation assays in vitro 

[187], and in mouse mammary tumorigenesis in vivo [333], 
can also contribute to T-cell lymphomagenesis. 

Mice infected with Abelson virus usually develop pre-B 
cell lymphomas, but plasmacytomas also arise in A-MuLV 
infected BALB/c mice undergoing a peritoneal chronic 
inflammatory response induced by injection of pristanc 
(reviewed in Ref. [292]). Generation of transgenic mice 
using a gag-abl gene controlled by E/x and the SV40 
promoter yielded several lines that developed exclusively 
plasmacytomas [272]. Most plasmacytomas bore a rear
ranged c-myc gene and, likewise, E/x-myc/E/x-v-abl dou-
ble-transgenie animals rapidly developed oligoclonal plas
macytomas. Surprisingly, when newborn mice from a plas-
macytomagenic E^-v-abl strain were infected with M-
MuLV, tumorigenesis was accelerated only moderately, 
and nearly all tumors were T-cell lymphomas [141]. Since 
most of these tumors showed only a low level of v-abl 
expression, the role of the transgene in M-MuLV induced 
T-cell lymphomagenesis may be rather limited. It is very 
likely that the pathogenesis is dominated by the retroviral 
infection, and the resulting lymphomas reflect the T-cell 
tropism of M-MuLV. 

7.3. M-MuLV infection of Efx-myc transgenic mice lacking 
Pirn-] 

As we have discussed in Section 7.1, Pirn-] and c-myc 
are strong collaborators in lymphomagenesis. Proviral tag
ging in Efi.-m.yc transgenic mice that lack a functional 
Pim-] gene might therefore allow the identification of 
genes that act downstream or parallel to Pirn-1. A candi
date gene that might preferentially become activated in 
tumors, generated in infected E/x-myc/Pim-] _ /~ mice is 
the Pim-2 gene, which shares over 50% amino acid se
quence similarity to Pim-\. Indeed, proviral integrations in 
both Pim-l and in Pim-2 were observed in MuLV-induced 
Efi-myc tumors. Remarkably, in tumors derived from E/x-
myc/Pim-\*'~ mice, the frequency of proviral integra
tions in Pim-\ and Pim-2 was increased threefold and 
twofold respectively, when compared with Efju-myc/Pim-
1 + / + tumors, indicating that a reduction in the amount of 
Pim-1 increased the requirement for the activation of one 
of the intact Pim alleles [367]. The most dramatic effect 
was observed in E/x-myc/Pim-l ~ / - mice, where more 
than 80% of the retrovirally induced tumors harbored a 
provirus in Pim-2. This indicates that wild-type levels of 
Pim-l in the E/x-myc background permit lymphoma devel
opment but that significant lower levels become restrictive 
for tumorigenesis, and once again stresses the pivotal role 
of Pim-l. It is also clear that, had Pim-2 not been cloned 
by PCR, it certainly would have been identified as a new 
common insertion site in the MuLV-induced lymphomas 
in Efi-myc/Pim-] v " mice. Cloning of proviral insertion 
sites from tumors in these compound mice permits identifi
cation of genes acting in a narrowly defined pathway, and 
it will obviously be of great interest to see which genes are 
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affected by retroviral insertions in the remaining 20% of 
the Efi,-myc/Pim-l~/~ tumors. 

7.4. MMTV infection of MMTV-Wnt-1 and MMTV-Fgf-3 
transgenic mice 

From numerous studies it has become clear that Writ-] 
and Fgf-3 are strong collaborators in mammary tumorigen-
esis. Approximately 50% of MMTV-induced BR6 tumors 
were found to contain proviruscs in both Wnt-\ and Fgf-i, 
most likely in a clonal fashion [284]. In other tumors, 
multiple genes are activated, but now in different clones 
within the same tumor. The clonal balance of these sub-
populations is maintained after serial transplantation, sug
gesting mutual interactions between the different clones 
[223]. It is conceivable that such interactions are mediated 
by Wnl and FGF proteins acting as paracrine growth 
factors. 

M M T V - W H / - ] or MMTV-Fji;/-3 transgenic mice de
velop mammary tumors after a variable latency period, 
indicating that activation of either Wnt-l or Fgf-i alone is 
not sufficient for complete malignancy [251,267,341,364]. 
Mice bitransgenic for Wnt-i and Fgf-3 develop tumors at 
a faster rate than with either gene alone, providing formal 
proof for cooperation of these two growth factors in 
tumorigenesis [183]. Collaboration between Wnts and Fgfs 
is also the central theme in acceleration studies with 
MMTV-infected singly transgenic animals. Wnt-\ trans
genic mice infected with MMTV develop many tumors 
with proviral insertions in members of the Fgf family. In 
the majority of cases, Fgf-3 is activated, but in a few 
tumors, insertions are found near Fgf-4 or Fgf-S [211,318]. 
In the reciprocal experiment, involving MMTV infection 
of Fgf-3 transgenic mice, activation of Wnt-l and a new 
Writ gene family member, Wnl-\0b. was observed [191]. 

8. Expanding the scope of retroviral insertional muta
genesis; novel applications and potential solutions for 
current limitations 

8. /. Provirai tagging in cultured cells 

Retroviral infection, retrotranscription and integration 
can occur in a variety of cell types. The only prerequisite 

is a replicating host cell [300] which expresses the corre
sponding virus receptor. Since a number of these receptors 
have been cloned, a cell line that is resistant to retroviral 
infection can be rendered susceptible by transfection with 
an expression vector encoding the appropriate receptor 
[9,21,265]. Proviral tagging may therefore be applicable 
for identifying genes involved in conferring any selectable 
phenotype to cultured cells. Nevertheless, a few aspects 
should be considered. A matter of primary importance is 
an efficient selection procedure with an unequivocal read
out, since this will effectively reduce false-positive back
ground to a minimum. Another relevant issue is whether 
enough cells are available to achieve saturation mutagene
sis by retroviral infection. This is not only determined by 
the number of infected cells, but also by the number of 
proviral integrations per infected cell. Given an average 
number of 2-10 proviral insertions per infected cell, the 
number of infected cells in the starting population should 
be approximately 107 in order to achieve saturation muta
genesis, since the theoretical fraction of integration events 
expected to occur within a 300 bp region would be I in 
107 for the haploid rodent or human genome. It has to be 
noted that such calculations have only limited value since 
the mammalian genome contains probably a number of 
hot-spots or cold-spots for proviral integration. The infec
tion efficiency is mainly determined by the titer and the 
stability of the specific retrovirus. In general, production of 
replication competent wild-type viruses in 3T3 cells gives 
higher virus titers and more stable virions than genetically 
engineered defective retroviruses produced in packaging 
cells. On the other hand, defective retroviruses can be 
designed to serve specific purposes, as will be discussed 
below. 

Thus far, a number of recent publications report on the 
identification of common insertion sites in mutant cell 
clones, generated by retroviral insertional mutagenesis (see 
Table 3). The identification of Tiam-\ in invasive variants 
selected in vitro from M-MuLV infected BW5147 T lym
phoma cells, has been discussed in Section 5.2. Other 
researchers have used defective viruses containing marker 
genes that allow selection for infected cells. Using such 
viruses, Dorssers et al. have identified a common insertion 
site in six out of eighty antiestrogen-resistant cell clones 
that arose from 7 X 10* estrogen-dependent ZR-75-1 cells, 
mass-infected and subjected to 4-OH-tamoxifen selection 

Tabic 3 
Proviral tagging in cultured cells 

Insertional 
mulaeen 

Selection 
criterion 

Gene produc 

Mill's P388 mouse lymphoid lumor line 
Bear-] ZR-75-1 human breast cancer line 
Tiam-\ BW5I47 mouse T lymphoma line 

CllO 
CRL-I WM35 human melanoma line 

MMTV: IAP multidrug-resistance P-glycoprotein [192] 
defective virus 4-OH-tamoxifen resistance ND [103] 
M-MuLV in \ mo in\ asiveness CDS protein [132] 
IBHygroTKNeo < nus agglutinin resistance ND [153] 
MSCV CDDP resistance ND [209] 
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[103]. Lu et al. have used murine stem cell virus (MSCV), 
a defective virus containing the neomycin phosphotrans
ferase (neo) gene , to infect c u - d i a m i n o d i -
chloroplatinum(Il) (CDDP) sensitive human melanoma 
cells [209]. Five out of nine CDDP-resistant cell clones 
that arose from approx. 2 X 106 infected cells harbored a 
MSCV provirus in the same genomic locus, designated as 
CDDP resistance locus 1 (CRL-1). Using genomic flanking 
sequences as probe, overexpression of a 3.5-4.0 kb mRNA 
could be detected in the clones with a rearranged CDDP 
allele. Hubbard et al. have developed an elegant proviral 
tagging strategy to isolate recessive mutations, resulting in 
impaired glycosylation in chinese hamster ovary (CHO) 
cells [153]. CHO cells have been widely used by somatic 
cell geneticists to isolate recessive mutations because they 
are functionally hemizygous at a number of loci. Hubbard 
et al. constructed therefore CHO cell lines that stably 
express a murine ecotropic virus receptor, and used these 
lines for infection with a defective M-MuLV carrying a 
promoterless hygromycin phosphotransferase (hyg) gene 
inserted into the U3 LTR and a neo gene expressed from 
an internal promoter. This virus confers a selectable pheno-
type when integrated into expressed genes, allowing addi
tional enrichment to reduce the background of null clones 
from spontaneous mutants. Glycosylation mutants were 
selected with wheat germ agglutinin (WGA) and all mu
tant cell clones with a distinct glycosylation phenotype 
carried a provirus in the same genomic region. Obviously, 
the use of gene trap retroviruses together with hypodiploid 
CHO cells could provide a general method for isolating 
genes responsible for recessive phenotypes in mammalian 
cells. 

8.2. Detection of integrated provinsses by FISH analysis 

As depicted in Table 1, several common insertion sites 
have been identified that may influence the expression of 
remote genes. Two common insertion sites that might 
involve activation of a distantly located gene have been 
discussed in previous sections: the Bla-\ locus (Section 
4.2) and Fis-\ (Section 4.1). Classical examples are the 
Pvt-\/Mlvi-\/Mis-\ locus that maps 270 kb downstream 
of the c-myc gene [175,218,361,381], and the Mlvi-4 lo
cus, located 30 kb 3' of c-myc [359]. Integrations in these 
loci are invariably associated with overexpression of c-myc, 
and experiments with cell hybrids between two rat T 
lymphomas carrying a provirus in Mlvi-l or Mlvi-4 and a 
murine T-lymphoma line demonstrated that the enhanced 
expression of rat c-myc co-segregated with the rearranged 
Put-\/Mlvi-\/Mis-\ or Mlvi-4 locus, whereas the expres
sion of the murine c-myc gene was not affected [190]. 
These observations indicate that integrations in Pvt-
1 / Mlvi-l /Mis-\ or Mlvi-4 result in c«-activation of c-myc 
caused by the viral enhancers, and not in the production of 
a factor that activates c-myc expression in trans. Another 
example that has been studied in great detail is the Fim-

i/CB-\ locus, located 90 kb upstream of Evi-\ [19,20]. In 
a cell line carrying a single LTR in the Fim-i / CB-\ locus, 
Evi-1 transcription initiated at the normal sites, and one 
allele of the Evi-l locus became hypermcthylated in the 5' 
region of the gene [19], Since no stable transcripts were 
detectable from this LTR, the overexpression of Evi-\ in 
this cell line is most likely caused by long-range de
activation. 

Obviously, several problems are connected with such 
loci. The first problem is that only after the locus has been 
cloned, one can determine whether it maps near any 
known gene or common insertion site. If this is not the 
case, the next challenge concerns the search for an affected 
gene in a genomic region that may encompass several 
hundreds of kilobases. Once a candidate gene has been 
identified, the causal relationship between this gene and 
proviral integrations in the distantly located locus has to be 
established. A possible solution to the first issue might 
involve the use of fluorescence in situ hybridization (FISH) 
on metaphase spreads from tumor-derived cell lines. 
Screening with both a virus-specific probe and a series of 
probes corresponding to known common insertion sites 
would instantly reveal integration of a provirus near a 
previously identified locus. Moreover, this technique might 
also enable the rapid identification of collaborating onco
genes within the same cell. 

Detection of retroviral insertions using FISH analysis 
might also be instrumental in the identification of novel 
tumor suppressor genes. Retroviral inactivation of large 
tumor suppressor genes with numerous exons probably 
allows greater flexibility with respect to the site of proviral 
integration than retroviral activation of protooncogenes. It 
is conceivable that disruption of the reading frame, prema
ture polyadenylation or aberrant splicing events could be 
mediated by proviruses. located almost anywhere within 
the genomic region encompassing the tumor suppressor 
gene. Hence, such common insertion sites would not be 
detected by conventional Southern blot analysis since they 
involve integrations that arc dispersed over a large region, 
rather than clustering of proviruses in a confined locus. 
FISH analysis might allow rapid chromosomal assignment 
of proviral integrations in a panel of tumor cell lines, and 
consequently facilitate the identification of genomic re
gions that are frequently occupied by proviruses. At pre
sent time, this technique requires additional improvements 
before it can be applied on a routine basis. In order to 
minimize cross-hybridization with endogenous retrovirus-
like sequences, the combination of exogenous virus and 
virus-specific probe will have to be optimized. Equally 
crucial will be a system for the identification of the 
different mouse chromosomes in a single metaphase. 

9. Concluding remarks 

In this review we have highlighted the different ways in 
which slowly transforming retroviruses can be used to 
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study the molecular basis of malignant disease. These 
retroviruses can cause cancer, even though they lack a 
dominantly acting oncogene. Due to variations in the two 
principal viral genetic determinants of leukemogenesis, 
namely the env region and the viral LTR, a number of 
leukemogenic retroviruses have been isolated which in
duce malignancy in a variety of hematopoietic cell types. 
This repertoire can be expanded even further when, prior 
to virus infection, the animals are treated with agents like 
pristane, or when different strains of mice are used. Other 
strains of slow-transforming retroviruses cause carcinomas 
of the mammary gland, instead of hematopoietic tumors. 
Taken together, these tumor-induction systems allow the 
molecular analysis of various malignancies in the mouse. 

In all these diseases retroviral insertional mutagenesis 
of cellular genes plays a pivotal role. Consequently, such 
tumor-induction systems are amenable to proviral tagging, 
a technique by which host genes can be identified that are 
important for malignant transformation of the affected cell 
type. Over the past 14 years, many genes were shown to 
be activated or otherwise mutated by insertional mutagene
sis, and proviral tagging has led to the identification of 
several novel genes which are implicated in tumorigenesis. 

Cancer is a multistep process, and therefore the ques
tion is not only 'which genes are involved in tumorigene
sis' but also 'which genes cooperate in tumorigenesis'. 
While the number of identified oncogenes and tumor 
suppressor genes increases rapidly, many questions remain 
with respect to the second issue. Nevertheless, insights in 
oncogene collaboration arc emerging. Most notably, the 
observation that many oncogenes show functional overlap 
suggests that in fact only a limited number of pathways are 
involved. Hence, the elucidation of these pathways, by 
biochemical analysis and genetic complementation, will 
greatly improve our understanding of the molecular mech
anisms underlying malignancy. 

A number of the proviral tagging strategies we have 
discussed may be instrumental in identifying the multiple 
genetic events which synergize to produce the malignant 
phenotype. (1) Retroviral insertional mutagenesis in com
bination with in vivo or in vitro tumor progression systems 
can be used to identify genes or loci which are associated 
with late events in multistep tumorigenesis. (2) Proviral 
tagging in oncogene-bearing transgenic mice allows the 
identification of oncogenes that collaborate with the trans-
gene. (3) 'Complementation tagging' in compound mutant 
mice may be used to uncover genes that compensate the 
defined loss-of-function mutation in tumorigenesis, i.e. 
genes that act downstream from or in parallel to the 
mutated gene. It is to be expected that in the years to come 
these approaches will be effectively utilized in dissecting 
multistep tumorigenesis, especially when they can be com
bined with detection methods that permit analysis of provi
ral insertions on the cellular level. Further improvement 
lies ahead through the construction of more versatile trans-
poson systems that can be activated at will in the tissue of 

choice, and the generation of mice in which the conditional 
activation or deletion of genes can be effectively realized. 
These approaches might permit transposon tagging in a 
much broader range of cancers than described in this 
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