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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] 
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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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Acceleration of lymphomagenesis in oncogene-bearing 
transgenic mice by slow-transforming retroviruses has 
proven a valuable tool in identifying cooperating onco
genes. We have modified this protocol to search for 
genes that can collaborate effectively with the transgene 
in later stages of tumor development. Propagation of 
tumors induced by Moloney murine leukemia virus 
(M-MuLV) in E\l-Piml or ii2-K-myc transgenic mice 
by transplantation to syngeneic hosts permitted pro-
viral tagging of 'progression' genes. Molecular cloning 
of common proviral insertion sites that were detected 
preferentially in transplanted tumors led to the identi
fication of a novel gene, designated Fratl. The initial 
selection for integrations near Fratl occurs in primary 
tumor cells that have already acquired proviruses 
in other common insertion sites, yielding primary 
lymphomas that contain only a minor fraction of tumor 
cells with an activated Fratl allele. Transplantation of 
such primary lymphomas allows for a further expan
sion of tumor cell clones carrying a proviral insertion 
near Fratl, resulting in detectable Fratl rearrange
ments in 17% of the transplanted E\l-Piml tumors and 
30% of the transplanted H2-K- myc tumors, respect
ively. We have cloned and sequenced both the mouse 
Fratl gene and its human counterpart. The proteins 
encoded by Fratl and FRAT1 are highly homologous 
and their functions are thus far unknown. Tumor cell 
lines with high expression of Myc and Piml acquired 
an additional selective advantage in vivo upon infection 
with a Fratl-IRES-lacZ retrovirus, thus underscoring 
the role of Fratl in tumor progression, and the ability 
of Fratl to collaborate with Piml and Myc in 
lymphomagenesis. 

Keywords: insertional mutagenesis/Moloney leukemia 
virus/oncogenes/T-cell lymphoma/transgenic mice 

Introduction 

Cancer arises via a multistep process in which a normal 
cell progresses to a fully malignant tumor via a recurrent 
mechanism of clonal expansions triggered by (epi)genetic 

lesions (Vogelstein and Kinzler, 1993). Such progression 
steps may involve reduced growth control, acquired 
invasiveness (Habets el al., 1994) or increased metastatic 
potential (MacDonald and Steeg, 1993). Slow-trans
forming retroviruses, lacking viral oncogenes, are capable 
of activating cellular proto-oncogenes by insertional muta
genesis, and these agents have been shown to contribute 
directly to different stages of tumorigenesis (Jonkers 
and Berns, 1996). Retrovirus-induced neoplasms acquire 
increasing numbers of proviruses in their genome during 
progression in vivo or passaging in vitro and, in various 
systems, more than one provirally activated proto-onco
gene was found within a single cell (Tsichlis et ai., 1985; 
Cuypers et al, 1986; Peters et al, 1986). Since the 
probability of simultaneous integration near two or more 
proto-oncogenes is negligible, consecutive integrations 
have to be assumed. Indeed, in Friend murine leukemia 
virus-induced erythroleukemias, proviral integrations in 
p53 appear to be preceded by retroviral activation of Flil 
(Howard et al, 1993). 

The multistep nature of Moloney murine leukemia virus 
(M-MuLV)-induced lymphomagenesis has been studied 
initially by monitoring clonal selections that occur after 
transplantation of primary tumors to syngeneic hosts. 
Proviral activation of Myc and Piml was frequently found 
in the same cell clone, suggesting cooperation between 
these genes in tumorigenesis (Cuypers et al, 1986). In 
addition, prolonging the life span of M-MuLV-induced 
tumors by serial transplantations often results in the 
outgrowth of subclones carrying additional proviral inte
grations. Such integrations might mark genes that are 
associated with the growth advantage of these subclones. 
Molecular cloning of such an additional proviral integra
tion site has led to the identification of the common 
insertion site Ticl (previously named Pim2) (Breuer et al, 
1989). Thus far, no gene has been identified that was 
affected by integrations in Ticl (J.Jonkers and M.Breuer, 
unpublished data) 

More recently, oncogene-bearing transgenic mice have 
been exploited in the experimental analysis of multistep 
tumorigenesis (Adams and Cory, 1992; Cardiff and Muller, 
1993). Retroviral infection of such mice was shown to be 
a particularly powerful strategy to identify genes that 
effectively collaborate with the transgene in tumorigenesis. 
Infection of E\l-Piml transgenic mice with M-MuLV 
revealed Myc or Nmycl rearrangements in almost 100% 
of the resulting T-cell lymphomas (van Lohuizen et al, 
1989) and, in M-MuLV-induced B-cell lymphomas in E p.-
myc transgenic mice, frequent proviral integrations were 
observed near Piml, BmillBlal and Pall (Haupt et al, 
1991; van Lohuizen et al, 1991). Employing oncogene-
bearing transgenic mice instead of normal mice may 
have additional advantages. Proviral tagging in transgenic 

animals allows focusing on a specific cell lineage and/or 
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stage of differentiation, as these mice are predisposed to 
specific tumors by virtue of the nature and expression 
pattern of the trans-oncogene. Furthermore, this approach 
may facilitate the identification of additional hits, since 
the transgene constitutes the 'initiating' mutation in the 
transforming process. It is conceivable that these additional 
hits may affect not only oncogenes that cooperate with 
the transgene, but also genes that are more specifically 
involved in tumor progression. 

Combining provirus tagging in oncogene-bearing trans
genic mice with transplantation of primary lymphomas 
provides an opportunity to uncover genes primarily con
tributing to tumor progression. Here we describe such an 
approach with E\l-Piml or H2-K-myc transgenic mice, 
and report on the identification of a novel gene, designated 
Fratl (for frequently rearranged in advanced T-cell 
lymphomas), that is involved in progression of M-MuLV-
induced T-cell lymphomas from these mice. 

Results 

Transplantation of MuLV-induced Eft-Pirn 7 T-cell 
lymphomas as a tool to monitor tumor 
progression 
Infection of E\i-Piml transgenic mice with M-MuLV 
results in an accelerated onset of T-cell lymphomas which 
invariably harbor proviral insertions in Myc or Nmycl 
(van Lohuizen et al, 1989). To generate primary and 
transplanted virus-induced E\l-Piml lymphomas, newborn 
offspring from crossings between heterozygous E\x-Piml 
mice and normal mice were infected with 104 -10 5 plaque-
forming units (p.f.u.) of M-MuLV. Mice were sacrificed 
when moribund, and single-cell suspensions from tumor 
tissue (mesenteric lymph node) containing 10 7 viable cells 
were injected intravenously (i.V.) or intraperitoneally (i.p.) 
into three recipients each. Nearly all tumors (93%) were 
of T-cell origin, as was apparent from the rearrangements 
of the T-cell receptor (TCR) ß chain gene (data not 
shown). The proviral integration patterns of the resulting 
sets of primary and transplanted tumors were determined 
by Southern blot analysis. In several tumor sets, all 
transplanted tumors were derived from the predominant 
primary tumor cell clone, as judged by the essentially 
identical integration patterns. In some of these tumor 
sets, the transplanted tumors invariably had acquired an 
additional proviral insertion, illustrating that: (i) in the 
primary tumor, a novel subclone had emerged from 
the predominant tumor cell clone upon integration of a 
provirus; and (ii) the subclone with the extra provirus 
had expanded selectively after transplantation (Figure 1). 
Hence, the additional proviral insertions might mark genes 
that are directly involved in the selective outgrowth of 
the affected cell clone. To investigate this possibility, three 
tumor sets of which the transplanted tumors had acquired 
one or two extra proviruses in loci distinct from Ticl were 
selected for molecular cloning of host DNA flanking the 
newly acquired proviral insertion. 

Identification of a new common insertion site in 
transplanted Eß-piml T-cell tumors 
Southern blot analysis of ÊcoRI-cleaved DNA from tumor 
set 35 with a probe specific for the U3 long terminal 
repeat (LTR) of M-MuLV revealed two fragments of 9.6 

Eu-P;m-J M - M U L V 
or ! 

H2-K-myc 

s.c, i.V. or i.p. injection of 
5 • 105 or 107 tumor cells 

primary transplanted transplanted transplanted 
tumor tumor 1 tumor 2 tumor 3 

• : : 
27.5 _ « . . , » . 

23.1 :•• 

Fig. 1. Proviral integration pattern of the primary tumor from E^i-Piml 
mouse #35, and the tumors that were obtained after i.p. transplantation 
of lu7 primary tumor cells to three different syngeneic recipients. A 
Southern blot containing EcoRI-digested tumor DNA was hybridized 
with a probe specific for the M-MuLV U3 LTR. The additional 
proviral insertions in the transplanted tumors are marked by 
arrowheads. Sizes of //tndlll-digesled ÀDNA fragments are indicated 
in kb. 

and 4.7 kb that were present in all transplanted tumors 
but not in the primary tumor. Both restriction fragments 
were cloned from size-selected libraries of EcoRI-digested 
tumor DNA. Restriction enzyme analysis showed that the 
9.6 and 4.7 kb fragments represented the 5 ' and 3 ' 
provirus-host junctions of an integrated MCF provirus. A 
single copy probe from flanking cellular sequences (probe 
P6 in Figure 2B) detected proviral insertions in the 
transplanted tumors from 10 out of 70 E \i.-Piml tumor 
sets. In three of these tumor sets, subclonal integrations 

could also be detected in the primary tumor, indicating 
that initial selection for integration in this locus had 

occurred in the primary tumor, prior to transplantation. 
The P6 probe was subsequently used to isolate a 37 kb 

genomic clone from a cosmid library, and a physical map 
of the locus, which we named Fratl, was constructed 

(Figure 2A). An interspecific mouse backcross mapping 
panel generated from crosses of C57BL/6J and Mus 
spretus mice (Copeland et al, 1993) was used to map the 
Fratl locus to chromosome 19, 1.7 cM distal to the 

common integration sites His2 and Ginl. No recombin
ation was found between Fratl and Tdt, suggesting 

that Fratl maps to human 10q23-q24 (N.Copeland and 
N.Jenkins, personal communication). 

Proviral insertion in the Fratl locus is a late event 
in lymphomagenesis 

The frequencies of proviral integrations near the Myc, 
Nmycl, Pall, Tiaml, Ticl and Fratl loci were monitored 

by Southern blot analysis of DNA isolated from 31 primary 
and 78 transplanted M-MuLV-induced E\x-Piml tumors. 

To measure clonal expansion upon transplantation, these 
frequencies were corrected for clonality of the proviral 
insertions by estimating the relative hybridization intensity 
of DNA fragments corresponding to the rearranged allele 
and the germline allele. The resulting frequencies of 
proviral insertion are depicted in Figure 3A. While for 

the proviral occupancy of Myc, Nmycl and Pall no 
differences were observed between the primary and trans-

44 



Fratl contributes to tumor progression 

X K K x 

^ H2-K-myc#80 

« • H2-K-myc «65 

« • • H2-K-myc #38 

" » H2-K-myc #24 

• ^ H2-K-myc #18 

" • H2-K-myc #2 

^ Çu-P/m #51 

« * t > P im «36 

™ * ty-Pim #35 

X X K K 

TT1 ! in—i IT HI ' 
H R R H R R R H H R R R H 

B 35 36 

Pstl Xhol Sg/ll EcoRI 

1 kb 
0.45Pst P5a P5b P6 

tumor set 35 tumor set 36 tumor set 35 tumor set 36 tumor set 35 tumor set 36 
P t t p t 1 p t t p t t p t t p t t 

28S-

18S-

Fig. 2. (A) Restriction map of the cloned Frail locus. Xhol (X), Kpnl (K), Hinâlll (H) and EcoRI (R) restriction sites are indicated. Proviral 
insertions as found in transplanted E\i-Piml and H2-K-myc tumors are indicated by arrows. (B) Enlargement of the 5.5 kb £coRI fragment 
encompassing the proviral insertion cluster. The borders of the integration cluster are marked by two flags, representing the proviral insertions in 
Ep-ft'm/ tumor sets 35 and 36, respectively. The probes are indicated as hatched bars. Three identical Northern blots containing 20 (ig of total RNA 
from primary (p) and transplanted (t) tumors were hybridized with probes 0.45ft/, P5a and P5b, respectively. The 18S and 28S ribosomal bands are 
indicated as size markers. 

planted EyL-Piml tumors, increased frequencies of proviral 
insertions near Ticl and Fratl were found in the trans
planted tumors, compared with the primary tumors. Since 
initial selection for integrations near Ticl or Fratl occurs 
in the primary tumor, the observed increase reflects a 
clonal expansion of the fraction of tumor cells carrying a 
rearranged 77c/ or Fratl allele upon transplantation. We 
also screened for proviral activation of Tiaml, a gene 
which confers invasiveness to a lymphoma cell line in vitro 
(Habets et al., 1994). Although proviral insertions in 

Tiaml were found rather frequently (15 out of 31 primary 
tumors; 23 out of 75 transplanted tumors), these integra

tions do not confer a strong selective advantage to the 
lymphoma cells in the protocol used (Figure 3A). More

over, a number of primary tumors that harbored a provirus 
in Tiaml in a nearly clonal fashion resulted in transplanted 
tumors with no detectable proviral insertions in Tiaml. 

Since PimllPim2 and MyclNmycl are strong collabor
ators in M-MuLV-induced T-cell lyrnphomagenesis (van 
Lohuizen et al, 1989; van der Lugt et al, 1995), we 
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Fiy 3. Frequency of common proviral insertion sites in primary and transplanted tumors from (A) E\l-Piml and (B) H2-K-myc transgenic mice. All 
frequencies were corrected for clonality of the proviral integrations, as judged by the relative hybridization intensity of DNA fragments 
corresponding to the rearranged allele and the germline allele. For example, a tumor of which 50% of the cells contain a provirally mutated allele (as 
indicated by a relative hybridization intensity of 1:3) was scored as 0.5 tumor. Consequently, the frequencies of integrations near Myc and N-mycl in 
the E\i-Piml tumors are somewhat lower than those reported previously (van Lohuizen et ai, 1989). 

determined whether proviral activation of FratI might 
also contribute to later stages of tumorigenesis in H2-K-
myc transgenic animals. These mice overexpress the myc 
gene predominantly in hematopoietic organs. H2-K- myc 
transgenic mice develop primarily T-cell lymphomas, 
in contrast to Eu.-myc transgenic animals, which are 
predisposed to B-cell tumors. Newborn offspring from 
crosses between heterozygous H2-K- myc transgenic mice 
and normal FVB mice were infected with 104-105 infec
tious units of supF-M-MuLV (Reik etat, 1985).SupF-M-
MuLV infection reduced the latency period of lymphoma 
induction from an average of 105 days to an average of 
65 days. Flow cytometric analysis of 95 primary M-MuLV-
induced lymphomas revealed that 93 tumors were of T-cell 
origin (67 TCRaß+CD4+CD8", 8 TCRocß+CD4+CD8 + , 
5 TCR-yô+CD4+CD8- and 13 oligoclonal T-cell 
lymphomas of mixed phenotype). Transplantation of prim
ary lymphomas was performed by subcutaneous (s.c.) 
injection of 5 X 105 viable tumor cells into three syngeneic 
FVB/N recipients. Southern blot analysis of 23 primary 
and 46 transplanted H2-K-m>'c T-cell lymphomas with 
probes for Piml, Pall and F rati showed that also in these 
tumors proviral activation of Frail is a relatively late 
event in tumorigenesis, and that cell clones carrying 
integrations near Fratl expanded rapidly upon transplanta
tion (Figure 3B). 

Several tumor sets of monoclonal origin had sequentially 
acquired a provirus in two common insertion sites, thereby 
revealing both the order and the identity of three collaborat
ing oncogenic events in a single cell clone, e.g. the 
transgene and two cellular proto-oncogenes. In a subset 
of E\l-Piml tumor sets with clonal integrations in either 
Myc or Nmycl, integrations near Fratl were detected in 
the transplanted tumors, suggesting that activation of Fratl 
can confer an additional selective advantage to lymphoma 

cells that overexpress Piml and Myc. Likewise, consecu
tive activation of Piml and Fratl, respectively, was 
observed in H2-K-myc tumor sets. In other H2-K- myc 
tumor sets, sequential activation of Pall and Fratl sug

gested collaboration between Myc, Pall and Fratl. While 
no significant variation in the frequency of Piml activation 
was observed between primary and transplanted H2-K-
myc lymphomas (8 out of 23 primary tumors; 18 out of 
46 transplanted tumors), the frequencies that are calculated 
after correction for the clonality of the proviral insertions 

suggest that activation of Piml in these tumors may be 
preceded by other events (Figure 3B). The observation 

that integrations in Pall occasionally occur prior to 
activation of Piml is in agreement with this notion. 

Proviral insertion at Fratl causes enhanced 
expression of the Fratl gene 

As shown in Figure 2A, all proviruses in Fratl had 
integrated in the same transcriptional orientation in a small 

genomic region of -0.5 kb. In order to identify the gene 
affected by the proviral insertions at Fratl, Northern blots 
containing RNA from two E \l-Piml tumor sets with clonal 
insertions in Fratl (set 35 and 36) were hybridized with 

genomic probes derived from the Fratl locus (Figure 2B). 
All three probes used in this experiment recognized a 
2.5 kb transcript in all tumors, including the primary 
tumors without a Fratl rearrangement. In addition to the 

normal 2.5 kb messenger, the transplanted tumors with a 
proviral insertion in Fratl showed high levels of truncated 

transcripts of 1.7 (tumor set 35) or 2.2 kb (tumor set 36). 
The truncated transcripts in the transplanted tumors could 

only be detected with probes located upstream of the 
proviral integration site, indicating that these niRNAs 
contain the 5 ' end of the parental 2.5 kb messenger and 
were terminated prematurely by the polyadenylation signal 
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Fig. 4. Expression of Fratl mRNA in normal mouse tissues and 
normal mouse embryos. Northern blots containing poly(A)-selected 
RNA from various adult mouse tissues (5 ug) and total RNA from 
embryos (20 tig) were hybridized with probe 0A5Pst. 

in the 5 ' LTR of the inserted provirus. Also, larger 
transcripts of 10-11 kb were found. They probably repre
sent readthrough RNAs that have terminated in the 3 ' 
proviral LTR. 

In normal mouse tissues, low levels of Fratl mRNA 
were detected in spleen, thymus and brain (Figure 4). 
High expression was observed in testis where, in addition 
to the normal Frail transcript, a mRNA of 1.7 kb is very 
prominent. Fratl is also expressed at low levels during 
embryonic development. 

Structure and sequence of Fratl 
An oligo(dT)-primed cDNA library was constructed using 
poly(A)-selected RNA from tumor 35.1, which carries a 
proviral insertion in Fratl. Screening with probe 0.45Pst 
yielded two cDNA clones of 0.9 and 1.0 kb, respectively. 
Restriction enzyme analysis showed that these clones 
consist of Frail sequences fused to the 5' LTR. In both 
cDNA clones the 5 ' LTR sequence terminates at the U3 
polyadenylation site, demonstrating that the presence of a 
provirus in the Fratl locus causes premature polyadenyl
ation of Fratl transcripts. Both cDNA clones were 
sequenced, and a gene-specific primer (GSPI) was used 
to construct a GSP-primed tumor cDNA library that 
yielded two Fratl cDNA clones of 0.4 and 0.7 kb, 
respectively. The 5 ' end, as present in the longest cDNA 
clone, was confirmed by a 5' RACE protocol (Frohman 
el al., 1988) and by RNase protection (data not shown). 
The 3 ' Frail cDNA sequences were cloned by PCR 
amplification on cDNA from tumor 36.1, and by screening 
an oligo(dT)-primed murine thymus cDNA library with 
probe P5b. This screen yielded two cDNA clones of 0.9 
and 1.2 kb, respectively, which both start at a poly(A) tail. 

The nucleotide sequence of the Fratl cDNA reveals a 
long 3 ' untranslated region (UTR) (1469 nucleotides), an 
822 nucleotide long open reading frame (ORF) and a 
short 5 ' UTR of 50 nucleotides (Figure 5A). The 3 ' UTR 
contains multiple copies of the ATTT motif thought to 
contribute to mRNA instability (Shaw and Kamen, 1986). 
All insertions in Fratl cluster in a 500 bp region of 
DNA directly downstream of the protein-encoding domain, 
resulting in the production of 3'-truncated transcripts that 

encode an unaltered Fratl protein, while lacking a varying 
number of the mRNA-destabilizing motifs. The Fratl 
cDNA sequence proved to be completely co-linear with 
the genomic Fratl sequence, demonstrating that Fratl is 
an intronless gene. This feature allowed us to determine 
the human FRATI ORF via sequence analysis of a genomic 
clone. Comparison of the mouse Fratl and human FRATI 
amino acid sequences revealed that the ORF is conserved 
between man and mouse, with an amino acid identity of 
78.5% and a similarity of 87.6% (Figure 5B). Likewise, 
hybridization of zoo blots with probe 0.45 Pst indicated that 
Fratl is well conserved among vertebrates (not shown). 

The Fratl ORF encodes a polypeptide of 274 amino 
acid residues with a predicted M r of 29 kDa. The protein 
is largely hydrophilic, and an acidic domain is present in 
the N-terminal region (amino acids 6-22). Comparison of 
the mouse Fratl and human FRATI nucleotide and protein 
sequences with sequences present in the SwissProt or 
GenBank database did not show homologous proteins or 
common motifs. In vitro transcription and translation of 
Fratl proved to be very inefficient, even after addition of 
an N-terminal hemagglutinin tag with an AUG surrounded 
by an optimal Kozak sequence. Therefore, the integrity 
of the ORF was verified by transient expression of a 
GST-Frail fusion construct in COS cells (Figure 5C). 

Infect/on of Eß-Pim1 tumor cells with a Fratl 
retrovirus results in a selective advantage in vivo 
To test the effect of enhanced Fratl expression on the 
proliferation and metastatic potential of lymphoma cells 
in vivo, we constructed a retrovirus expressing both Fratl 
and ß-galactosidase via a bicistronic messenger. The use 
of a retroviral vector permitted an efficient introduction 
and overexpression of Frail in lymphoma cells. The 
presence of a ß-galactosidase reporter gene permitted 
monitoring of the infected tumor cells at the cellular level. 
Two T lymphoma cell lines, derived from spontaneous 

tumors in E ii-Piml transgenic FVB mice, were used in 
this experiment. In addition to the Piml transgene, Myc 
was found to be highly expressed in these cell lines, 
named DNPTHY and DNP13642 (data not shown). Upon 
s.c. injection into syngeneic recipients, these lymphoma 
lines gave rise exclusively to the formation of local tumors. 

This reproducible behavior allowed us to investigate 
whether overexpression of Fratl might induce the form
ation of metastases. 

FVB mice were injected s.c, either with mock-infected 
tumor cells or with a mixture of mock-infected cells and 
1 or 2% transduced cells, and the resulting local tumors 

were analyzed as depicted in Figure 6. Clonal expansion 
of the transduced fraction of tumor cells was observed in 

four out of six DNPTHY tumors and in six out of eight 
DNP 13642 tumors, demonstrating that overexpression of 
Fratl can confer an additional selective advantage in vivo 
to lymphoma cells that already overexpress Pirn 1 and Myc 
(Table I). In addition to the local tumor, a number of other 
organs (liver, kidney, lung, heart, thymus, spleen or 
peripheral lymph nodes) were analyzed for the presence 
of tumor cells. No (micro)metastases were found in any 

of these tissues, indicating that Fratl does not induce any 
metastatic behavior in DNPTHY or DNP13642 cells after 

s.c. inoculation. A parallel experiment, in which we used 
MFG-/ö(.Z instead of MFG-Fratl-lRES-lacZ, confirmed 
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human GPPGAGKQGIPQPLSGPCRGGWLRGAAASRRLQQRRGSQPETRTG. DDDP 

mouse HRLLQQLVLSGNLIKEAVRRLHSRQLQLHAKLPAHPFLGPLSAPVHEPPS 

I I I I I I I I I I I I I I I I I I I I I I I I . I I 1 : 1 1 1 1 . : | : I I I I I I I I I I I I ! 

human HRLLQQLVLSGNLIKEAVRRLHSRRLQLRAKLPQRPLLGPLSAPVHEPPS 

mouse PGSPRAACSDPGAFMGRAQLRTGDDLLVPGS 274 

I I M I M I I I I I I I I I I I I I I : : I I I I I 

human PRSPRAACSDPGÄ. SGRAQLRTGDGVLVPGS 279 

4 é-

55 kD 

26 kD 

Fig. 5. (A) Mouse Frau cDNA and encoded polypeptide sequence. The provirus-host junctions of the cDNA clones corresponding to the truncated 

Frail transcripts in the transplanted tumors from E\l-Piml mouse #35 and #36, respectively, are indicated by arrows. In the 3' UTR, AT degradation 

motifs are in upper case and the polyadenylation site consensus sequence is underlined. The predicted amino acid sequence is shown below the 

nucleotide sequence in single-letter code. (B) Comparison of the mouse Fratl and human FRAT1 amino acid sequences. Alignment was performed 

with the GCG program BESTFIT (Devereux el a/., 1984). Identical residues are indicated by vertical lines, well conserved replacements that score 

better than 0.5 in the PAM-250 matrix by colons, and replacements scoring better than 0.1 by dots. 'O Immunodetection of GST-Frat I fusion 

protein. Western blot analysis of total cell lysates of COS-7 cells, transiently overproducing GST or GST-Fratl, with a monoclonal anti-GST 

antibody. 

that no retroviral sequences, other than Fratl, were 
responsible for the observed growth advantage. 

We found significant variations in the contribution 

of MFG-Fra/MRES-ZacZ-infected cells to the end-stage 
tumors and, in four out of 14 local tumors, no outgrowth 

of the transduced fraction of cells could be detected. These 
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Fig. 6. Selective outgrowth of Eu-PtW tumor cells transduced with MFG-Fratl-lRES-lacZ. Mixtures of E u - f W lymphoma cells and tumor cells 
transduced with MFG-lacZ or MFG-FralMRES-facZ were injected sc. into syngeneic recipients. The resulting local tumors were analyzed by 
staining tumor tissue for ß-galactosidase activity (left panels), flow cytometry (middle panels) and Northern analysis, using a Fratl cDNA probe 
(right panels). The transcript, detected in both local tumors, corresponds to the normal Fratl mRNA. The larger transcript found in the local tumor 
derived from the mixture containing MFG-FratMRES-facZ-infected cells corresponds to the bicistronic retroviral mRNA. 

differences could not be attributed to the injected tumor 
cells, since variations were also observed between mice 
that were injected with the same cell suspension. Appar
ently, the fate of the transduced tumor cells was also 
influenced by host factors. This notion was supported by 
experiments in which the same cell suspensions were 
injected i.p. or i.v. None of the resulting tumors contained 
an increased percentage of transduced lymphoma cells. 

Discussion 

To identify genes involved in progression of T-cell 
lymphomas, we have combined proviral tagging in onco-
gene-bearing E\i-Piml and H2-K-myc transgenic mice 
with transplantations of the primary tumors to syngeneic 
recipients as a means of allowing progression to higher 
malignancy. Molecular cloning of proviral insertion sites 
that were additionally and reproducibly found after trans
plantation of primary tumors has led to the identification 
of a novel locus, Fratl, that is frequently mutated by 
proviral insertions in the transplanted lymphomas from 
M-MuL.V-infectedEu.-P/HiV or H2-K-myc transgenic mice. 
Integrations near Fratl constitute a relatively late event 
in T-cell lymphomagenesis. since several primary tumors 
of monoclonal origin were found to contain, in addition 

to the predominant cell clones lacking a provirus near 
Fratl, direct derivatives of these clones carrying proviral 

integrations near Fratl. Transplantation of such tumors 
resulted in a further expansion of the fraction of tumor 
cells with the rearranged Fratl allele, implying that 
activation of Fratl confers an additional selective 

advantage. 
Primary tumors of monoclonal origin, and the resulting 

transplanted tumors, have been instrumental in the identi
fication of up to three collaborating oncogenes in T-cell 
lymphomagenesis: (i) the 'initiating' transgene; (ii) a 
common proviral insertion site that is clonal in both the 
primary tumor and the transplanted tumors; and (iii) a 

common proviral insertion site that is clonal in transplanted 
tumors but subclonal in primary tumors. In this way, a 

number of favorable combinations can be defined: Myc, 
Palt and Piml; Myc, Piml and FrarV; or Myc, Pall and 
Fratl. The fact that Fratl does not fall into any of the 
known complementation groups for lymphoid transform

ation ( MyclNmycl, PimllPinil and Pall/Bmil/Blal) sug
gests that Fratl acts in a distinct signal transduction 

pathway. Whether Fratl and the previously identified 
'transplantation-specific' common insertion site 77cV 

belong to different complementation groups remains to be 
established. 

Mapping of the proviral insertion sites near the Fratl 
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Table I. Selective outgrowth of Eu.-Ptw/ lymphoma :ells transduced with MFG-Fral 1-IRES-lacZ upon subcutaneous transplantation 

Cell line % transduced 
cells 

No. of inj 
cells 

ected Mean latency 
(days) 

% of transduced cells in local tumor % transduced 
cells 

No. of inj 
cells 

ected Mean latency 
(days) 

mouse 1 mouse 2 mouse 3 mean 

DNPTHY 
2 105 23 25 15 20 20 
2 
1 
1 

104 

105 

104 

29 
29 
26 

2 
1 

25 

ND 
ND 
ND 

no tumor 
no tumor 
no tumor 

0 105 23 0 0 0 0 

0 I04 33 0 no tumor no tumor 
DNP13642 

2 105 27 30 2 ND 15 
2 104 32 40 ND no tumor 
1 I05 27 35 10 15 20 

1 104 33 5 1 ND 3 

0 105 27 0 0 0 0 
0 1Ü4 30 0 0 0 0 

locus revealed that all proviruses had integrated in the 
same transcriptional orientation, in a small genomic region 
of -500 nucleotides. Using single copy probes from the 
genomic region upstream of the proviral insertions, we 
detected enhanced levels of truncated transcripts in all 
tumors carrying a proviral insertion near F rati. Sequence 
analysis of Fratl cDNA clones showed that the truncated 
transcripts terminate at the polyadenylation site present in 
the 5' LTR of the inserted provirus. Consequently, these 
transcripts lack most or all of the 3' -untranslated Fratl 
sequences, suggesting that both up-regulation of transcrip
tion by the viral enhancer and mRNA stabilization by the 
removal of negatively regulating elements in the 3 '-
untranslated region may contribute to increased levels of 
Fratl mRNA. All proviral insertions leave the coding 
domain of Fratl intact, indicating that overexpression of 
normal Fratl protein contributes to transformation. 

Apart from the N-terminal acidic region, the Fratl 
protein contains no apparent structural features that might 
provide us with clues about its function. The acidic regions 
of the yeast transcription factors GAL4 and GCN4 and 
the herpes simplex virus factor VP16 have been shown 
to be involved in transcriptional activation and protein-
protein interaction (Ma and Ptashne, 1987; Sigler, 1988). 
and several proto-oncogenes, such as Evil (Perkins etal, 
1991), c-myb (Weston and Bishop, 1989) and Myc 
(Blackwell et al, 1990), encode transcription factors 
containing an acidic region. It remains to be established 
whether Fratl has similar activities. 

To examine the role of Fratl in tumor progression, we 
have developed a sensitive assay to monitor the selective 
advantage conferred by Fratl overexpression. DNPTHY 
and DNP 13642 lymphoma cells, which represent stable 
cell lines derived from spontaneous lymphomas in E (i-
Piml transgenic mice, were transduced with an MFG-
Fratl-lRES-lacZ retrovirus followed by injection into 
syngeneic recipients, and outgrowth of the marked cell 
population was measured. This protocol allowed us to 
examine the effects of enhanced Fratl expression on cell 
proliferation and metastatic behavior in vivo. The data 
presented here demonstrate that overexpression of Fratl 
following retroviral transduction with MFG- Fra//-IRES-
lacZ can confer an additional selective advantage to 

lymphoma cells that already overexpress Piml and Myc. 
No selective outgrowth was observed when MFG-lacZ 
was used instead of MFG- Fratl-IRES-lacZ, confirming 
that the observed growth advantage of MFG- Frar/-1RES-
/acZ-infected lymphoma cells can only be attributed to 
overexpression of Fratl. However, the selective outgrowth 
appears to be influenced by host factors, as significant 
variations were found when the same cell suspension 

was injected s.c. into different mice. Also, no selective 
outgrowth of the transduced subpopulation was observed 

after i.p. or i.v. inoculation. These results would be in 
accordance with a model in which activation of Fratl 
obviates the need for one or more specific growth factors 
that can contribute to the proliferation or survival of the 
lymphoma cells. In this case, the selective advantage of 
the Fra/7-overexpressing subpopulation would depend on 

the local concentration of these growth factors. Alternat
ively, the variations in selective outgrowth and the absence 

of detectable micrometastases might be caused by an 
immune response against the ß-galactosidase produced by 

the MFG- Fra//-lRES-/acZ-infected tumor cells. In line 
with the latter, it was reported recently that expression of 

the lacZ gene in the highly tumorigenic murine masto
cytoma cell line P815 frequently caused a strong immune 
response in syngeneic recipients, resulting in the rejection 
of the tumor cells (Abina et al, 1996). Since the MFG-
Fra/'-IRES-/acZ-infected lymphoma cells produce a bicis-
tronic messenger encoding both Fratl and LacZ, the 

selective growth advantage conferred by Fratl might 
be counteracted effectively by the selective removal of 
ß-galactosidase-expressing tumor cells by the immuno
competent host. While this potential complication might 

be circumvented by performing the transplantations in 
nude mice, the experiments described here strongly support 

the notion that Fratl can function as a tumor progression 
gene in lymphomagenesis. 

In summary, we have used a tumor progression protocol 
based upon transplantation of M-MuLV-induced lympho
mas from oncogene-bearing transgenic mice to identify a 
novel tumor progression gene, Frail. We have shown that 
this gene can confer an additional selective advantage 
in vivo to lymphoma cells that already overexpress Myc 

and Piml. While we do not yet understand the nature of 
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this selective advantage, we expect that testing the effects 
of Fratl on the growth properties of a series of defined 
cell lines in vitro might provide clues about the function 
of this gene. 

Materials and methods 

Transgenic mice, lymphoma induction and transplantation 
of primary lymphomas 
The generation of E\i-Piml transgenic strains ppG66 and ppG64 has 
been described previously (van Lohuizen et ai, 1989). Briefly, the 
transgene consists of a genomic Piml clone containing two copies of 
the immunoglobulin Eu. enhancer located upstream of the Piml promoter, 
and a single M-MuLV LTR within the 3' UTR. The transgene was 
introduced into (CBA/BrAXC57BL/LiA)Fl zygotes and the resulting 
mice were backcrossed with (CBA/BrAXC57BL/LiA)Fl, C57BL/UA 
or C57BL/6 mice. 

The H2-K-/HVC construct was generated by fusing the H2-K promoter 
(Morello et al., 1986) lo a 5.5 kb Xbal-BamHl genomic mouse Myc 
fragment containing exons 2 and 3, including the Myc polyadenylation 
signal. The transgene was microinjecled into the pronuclei of FVB/N 
zygotes (Taketo et ai, 1991). Genotyping was performed by Southern 
analysis of tail tip DNA according to Laird et al (1991). 

Lymphomas were induced by injecting l-day-old mice with 10 -10 
infectious units of M-MuLV clone 1A as described (Jaenisch et al, 
1975). Mice were sacrificed when moribund, and tumor tissues (spleen, 
thymus, mesenteric/peripheral lymph nodes, liver) were frozen at -80°C. 
Transplantations and FACS analysis were performed with single-cell 
suspensions from mesenteric lymph node. Lymphomas from E\x~Piml 
transgenic animals were transplanted to (CBA/BrAXC57BL/LiA)Fl 
sex-matched recipients by i.v. or i.p. injection of I07 viable cells. 
Transplantation of lymphomas from H2-K-/n_yc transgenic animals was 
performed by s.c. injection of 5x10 s viable cells into syngeneic 
FVB/N females. 

DNA and RNA analysis 
High molecular weight DNA from lymphoma tissues was prepared as 
described (van der Putten et al, 1979). For Southem analysis, 10 u.g of 
total genomic DNA of each tumor were digested with restriction enzymes 
as recommended by the supplier, separated on a 0.6% agarose gel, 
transferred to nitrocellulose and hybridized to 32P-labeled probes. For 
Northern analysis, 20 Jig of total RNA, prepared by the LiCI-urea 
method, or 5 jJg of poly(A)-selected RNA were separated on 1% 
agarose formaldehyde gels (Sambrook et al., 1989) and transferred to 
nitrocellulose membranes. The following probes were used: Myc, 3 kb 
Xbal-Hindlll fragment (Shen-Ong et al, 1982); Nmycl, 3.5 kb Pstl 
fragment (Taya et al, 1986); Piml probe A, 0.9 kb BamHl fragment 
(Cuypers et al, 1984); Pall probe A, 1 kb Bglll-EcoRl fragment (van 
Lohuizen et al, 1991); Ticl probe MB20, 1.5 kb Pstl-EcoRl fragment 
(Breuer et al, 1989); Tiaml probe D22.3, 0.8 kb Sail fragment (Habets 
et al, 1994); M-MuLV U3 LTR, 180 bp Hpall fragment (Cuypers et al, 

1984); and TCR ß chain probe 86T5 (Hedrick et al, 1984). The Fratl 
probes used in this study were: QA5Pst, 0.45 kb Pstl fragment; P5a, 
1.2 kb Xhol-Pstl fragment; P5b, 0.4 kb Pstl-Xhol fragment; and P6, 
0.7 kb Bglll-EcoRl fragment. 

Cloning 
Cloning and subcloning of cDNAs and genomic DNAs were done 
according to established procedures (Sambrook et ai, 1989). Clones 
were obtained from the following libraries: oligo(dT)-primed thymus 
cDNA (Stratagene), oiigo(dT)-primed testis cDNA (Clontech) and 129/ 
Sv genomic cosmid library (Stratagene). 

For cDNA synthesis, 5 p.g of poly(A)-selected RNA from tumor 35.1 
was used in a (dT)15-pnmed or GSP-primed (GSP1, 5'-CTCCTTGATG-
AGGTTTCCC-3') cDNA reaction according to Gubler and Hoffman 
(1983), with a cDNA synthesis kit from Boehringer Mannheim. cDNA 
was treated with T4 polymerase, size selected, and Notl linkers (Biolabs) 
were added. After digestion with Notl, cDNA was cloned in XZAPU. 
Libraries of 2-5 X 105 primary plaques were obtained. 

PCR amplification of RNA was performed by a first strand reverse 
transcriptase reaction (Boehringer Mannheim) with a gene-specific RT 
primer (GSP2, 5'-CGCTGCGTCCAGCTGCAGCGTCTCG-3') fol
lowed by 5' end cloning with the primers GSP3, 5'-CTGGACGATG-
AGCTGGTC-3', and GSP4, 5'-CTCGAGCCACCCAGAGTCACC-3'. 
RACE conditions were essentially as described (Frohman et cil, 1988). 

PCR amplification on cDNA from tumor 36.1 was performed with a 
M-MuLV-specific U3 LTR primer (AB949, 5'-CGCGTCGACCTTG-
CCAAACCTACAGGT-3') and a Erat /-specific primer (GSP5, 
5'-ACGACCTTCTTGTCCCTGGCAG-3'). 

Sequencing of Fratl cDNA and genomic clones was performed on 
both double-stranded templates and M13 single-stranded templates, using 
a Pharmacia T7 polymerase sequencing kit. 

Construction of a Fratl retrovirus 
The following restriction fragments were used in a three-point ligation 
reaction: (i) a 950 bp Ncol-Notl fragment, containing an in-frame fusion 
between an N-terminal hemagglutinin epitope tag and the Fratl coding 
sequences; (ii) a 1.7 kb Notl-Clal fragment from IRES-ßgeo (Pilipenko 
et ai, 1992), containing an internal ribosomal entry site (1RES) and the 
N-terminal portion of Escherichia coli ß-galactosidase; and (iii) a 9 kb 
Ncol-Clal fragment containing the MFG retroviral vector (Dranoff et ai, 
1993) and the C-terminal portion of ß-galactosidase. Introduction of the 
ensuing retroviral construct into producer cells (see below) resulted in 
the production of a bicistronic viral messenger encoding both Fratl and 
ß-galactosidase. 

Tissue culture and transduction experiments 
Cell suspensions from spontaneous E\l-Piml lymphomas were seeded 
in tissue culture flasks containing subconfiuent BALB/c3T3 fibroblast 
feeder layers, at several dilutions. After a crisis, non-adherent tumor 
cells emerged and expanded rapidly. Lymphoma cells were grown in 
RPMI-1640 (Gibco-BRL) with 10% fetal calf serum (FCS; Gibco-BRL), 
5X10"5 M ß-mercaptoelhanol and antibiotics. \|/-CRE packaging cells 
(Danos and Mulligan, 1988) were cultivated in Dulbecco's modified 
Eagle's medium (Gibco-BRL) supplemented with 10% FCS and anti
biotics. To generate y-CRE ecotropic virus-producing cell lines, \|/-CRE 
cells were co-transfected with MFG-Eratl-1 RES- la cZ and pRc/CMV 
(Invitrogen). After G4I8 selection, individual colonies were picked and 
analyzed for their transduction capacity. 

Subconfluent producer cells (clone A1 ) were incubated with a minimal 
volume (10 ml/T75 flask) of medium. The supernatant was collected 
after 16 h and filtered through 0.45 u.m membrane filters. Infection was 
achieved by cultivating lymphoma cells for 2 h in freshly collected 
supernatant supplemented with polybrene (10 u.g/ml). The supernatant 
was replaced with RPMI-1640 medium and, 24 h after infection, the 
efficiency of transduction was determined by staining the cells for 
ß-galactosidase activity (Hogan et ai, 1994). 

FVB mice were injected with mock-infected tumor cells or with a 
mixture of mock-infected cells and 2-3% transduced cells. S.c. injections 
were performed with 104 or 103 viable cells, i.p. injections with I04 

viable cells and i.v. injections with 102 or I03 cells. Mice were sacrificed 
and analyzed when moribund, or when they had developed a local 
tumor. The resulting tumors were stained for ß-galactosidase activity as 
described elsewhere (Hogan et al, 1994). 

Flow cytometric analysis 
A total of 106 cells were incubated in 96-well plates for 30 min at 4°C 
in 20 U.1 PBA (phosphate-buffered saline with 1% bovine serum albumin 
and 0.1 % sodium azide) and saturating amounts of monoclonal antibody. 
Cells were washed twice with PBA and incubated with streptavidin-
phycoerythrin for biotinylated antibodies or PBA. The following anti
bodies were used: CD45R/B220 (clone 6B2), CD3 (clone 145-2CII), 
CD4 (clone RM4-5), CD8 (clone 53-6.7), TCRaß (clone H57-597) and 
TCRyô (clone GL3), all from PharMingen (San Diego, CA). Intracellular 
ß-galactosidase activity was measured using the fluorogenic substrate 
fluorescein-di-ß-D-galactopyranoside (FDG) in conjunction with flow 
cytometry (Berger et al, 1994). In brief, 106 cells were incubated with 
a hypotonic solution containing 1 mM FDG for 50 s at 37°C. After 
addition of excess RPM1 medium to restore iso-osmotic conditions, the 
enzymatic reaction was allowed to proceed on ice for 2 h. All flow 
cytometric analyses were performed on a FACScan (Becton Dickinson). 

Database accession numbers 
The GenBank accession numbers for the sequences reported in this 
paper are U58974 and U58975. 
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The proto-oncogene Fratl was originally 
identified as a common site of proviral 
insertion in transplanted tumors of Moloney 
murine leukemia virus (M-MuLV)-infected 
E\i-Piml transgenic mice. Contrary to most 
common insertion sites implicated in mouse T 
cell lymphomagenesis, retroviral insertional 
mutagenesis of Fratl constitutes a relatively 
late event in M-MuLV-induced tumor 
development, suggesting that proviral 
activation of Fratl contributes to progression 
of T cell lymphomas rather than their genesis. 
To substantiate this notion we have generated 
transgenic mice that overexpress Fratl in 
various organs, including lymphoid tissues. 
Fratl transgenic mice develop focal 
glomerulosclerosis and a nephrotic syndrome, 
but they do not exhibit an increased incidence 
of spontaneous lymphomas. Conversely, these 
mice are highly susceptible to M-MuLV-
induced lymphomagenesis, and FratllPiml 
bitransgenic animals develop lymphomas 
with increased frequency compared to Piml 
transgenic littermates. These data support a 
role for Fratl in tumor progression. 

Key words: insertional mutagenesis; Moloney 
Leukemia virus; transgenic mice; T cell 
lymphoma; oncogenes; glomerulosclerosis 

Introduction 

Cancer is a complex process in which a normal 
cell has to accumulate multiple genetic and 
epigenetic alterations in order to become a fully 
transformed metastasizing tumor cell (Bishop, 
1991; Hunter. 1991). Compared to other tissues, 
lymphoid cells with intrinsic migratory capacity 
may require fewer steps to become highly 

malignant tumor cells. Still, such steps are likely 
to include enhanced proliferative capacity, 
augmented growth factor independence, and 
progression towards escape from terminal 
differentiation. In mouse T cell lymphomas, 
several proto-oncogenes that are implicated in 
early stages of transformation have been 
identified, most notably the Gfil gene and 
members of the Myc and Pirn gene families 
(Berns et al, 1994). In contrast, only a limited 
number of genes have been isolated that may be 
important for lymphoma progression in vivo 
(Jonkers and Berns, 1996). Recently, we have 
described the identification of a novel gene, 
Fratl, that is primarily involved m progression 
of mouse T cell lymphomas (Jonkers et al, 
1997). Activation of Fratl via retroviral 
insertions is preferentially detected m 
transplanted tumors of M-MuLV-infected Eu,-
Piml or R2-K-Myc transgenic mice. The initial 
selection for activation of Fratl occurs in 
primary tumor cells that have already acquired 
proviral insertions near other proto-oncogenes, 
resulting in primary lymphomas that contain 
only a minor fraction of tumor cells with 
integrations near Fratl. Transplantation of these 
lymphomas allows for a further expansion of 
tumor cell clones carrying a mutated Fratl 
allele, resulting in detectable Fratl 
rearrangements in 17% of the transplanted Eu,-
Piml tumors and 30% of the transplanted H2-K-
Myc tumors, respectively. Integrations in Fratl 
cluster in a small genomic region of 
approximately 500 bp, resulting in the enhanced 
expression of truncated Fratl transcripts which 
lack most of the 3' untranslated region contained 
in normal Fratl mRNA. The nucleotide 
sequence of the Fratl cDNA encodes a 
polypeptide of 274 amino acid residues. 
Recently, a Xenopus GSK-3 binding protein, 
named GBP, was found to be homologous to 
Fratl in three well-conserved regions (Yost et 
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al, 1998). Both GBP and human FRAT2 were 
shown to be potent inhibitors of GSK3 kinase 
activity, leading to accumulation of ß-catenin 
and activation of TCF/ß-catenin mediated signal 
transduction in Xenopus. Importantly, depletion 
of GBP from the maternal mRNA pool showed 
that GBP is required for establishment of the 
dorsal-ventral axis in Xenopus embryos (Yost et 
al., 1998). In lymphomas with a provirally 
activated Fratl allele, the protein-encoding 
domain of Fratl is never disrupted by the 
proviral insertions, suggesting that 
overexpression of normal Fratl contributes to 
transformation. Further support for a role of 
Fratl in tumor progression came from 
transplantation experiments with cell lines 
derived from spontaneous lymphomas in Eu,-
Piml transgenic mice. These cell lines, which 
already overexpress Myc and Piml, gained an 
additional selective advantage in vivo upon 
transduction with a Fratl-IRES-lacZ retrovirus 
(Jonkers et al, 1997). 

The oncogenicity of genes implicated in 
early stages of tumorigenesis can be tested 
effectively by monitoring the frequency of 
spontaneous tumors in transgenic mice that 
overexpress the putative oncogene in the 
relevant tissues. Moreover, transgenic mouse 
models have become an invaluable tool to study 
oncogene cooperation, as tumorigenesis in these 
animals may be accelerated by introducing 
another trans-oncogene or by using a retrovirus 
as an insertional mutagen. Illustrative examples 
are Eu,-Afyc transgenic mice, which are 
predisposed to pre-B cell lymphomas (Adams et 
al, 1985), and E\i-Piml transgenic mice, which 
develop spontaneous T cell lymphomas with low 
frequency (van Lohuizen et al, 1989). Proviral 
tagging experiments in these animals (van 
Lohuizen et al, 1989; Haupt et al, 1991; van 
Lohuizen et al, 1991), or breeding of Eu-
Myc/E\i-Piml doubly transgenic mice (Verbeek 
et al, 1991) revealed the capacity of both genes 
to synergize in the induction of 
lymphomagenesis. 

Retroviral activation of the Fratl tumor 
progression gene was found to be invariably 
preceded by the activation of at least two other 
loci, suggesting that this gene can only confer an 
additional selective advantage to cells that are 
already (partially) transformed (Jonkers et al, 
1997). Therefore, overexpression of Fratl in 
transgenic animals should have little or no effect 
on the incidence of spontaneous lymphomas. 

However, it is conceivable that such mice 
develop tumors faster when the initiating 
mutations are introduced via crosses with other 
oncogene-bearing transgenic mice, or by 
retroviral infection. We show here that this is 
indeed the case. The data demonstrate 
collaboration between Fratl and Piml in 
lymphomagenesis, and an increased 
susceptibility of Fratl transgenic mice to M-
MuLV-induced T cell lymphomagenesis. We 
also report here on the occurrence of a nephrotic 
syndrome in Fratl transgenic mice, 
characterized by proteinuria due to a glomerular 
sieving defect, and glomerular lesions featuring 
focal and segmental sclerosis. Results from bone 
marrow transplantation experiments show that 
overexpression of Fratl in the hematopoietic 
compartment alone is insufficient for the 
induction of the nephrotic syndrome. 

Results 

Ep-pp-Fratl transgenic mice constitutively 
express high levels of Fratl 

Eu-pp-Fra/7 transgenic mice were generated 
that carried the mouse Fratl gene under the 
control of the Piml promoter (pp), two copies of 
the immunoglobin heavy chain enhancer (Eu.) 
and the Moloney murine leukemia virus (M-
MuLV) long terminal repeat (LTR) (Figure 1 A). 
This promoter/enhancer combination has been 
shown to give high transgene expression in both 
the B and T cell lineage (van Lohuizen et al, 
1989; Renauld et al, 1994; Alkema et al, 1997). 
The E\x-pp-Fratl transgene lacks the Fratl 3' 
untranslated region containing putative mRNA 
destabilizing motifs, and expression of Eu.-pp-
Fratl should result in the production of 
truncated Fratl mRNA, analogous to the 
transcripts found m lymphomas with a provirally 
activated Fratl allele. Three founders were 
obtained that transmitted the transgene through 
the germ line. Eu-pp-Fra/ line 29 (EppF29) 
harbored approximately 30 copies of the 
transgene, whereas strains EppF5 and EppF8 
contained 2-3 copies and 1 copy, respectively. 
Transgenic lines were established and examined 
for expression levels of the transgene. Northern 
analysis of total RNA, isolated from different 
organs, showed that all three Ep-pp-Fra/7 strains 
expressed the transgene in all organs tested 
(Figure IB). A similar broad expression pattern 
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Figure 1 Structure and expression of the Eu-pp-Frar/ 
transgene, (a) Structure of the Ep-pp-Z-Va// transgenic 
construct. The Fratl sequences present in the transgene 
construct correspond to a 920 bp genomic Srß-Xhol 
fragment encompassing the Fratl coding domain, but 
lacking most of the 5' and 3' untranslated regions. The 2.6 
kb Piml promoter fragment, represented by a thick line, 
contains the SP-1 and octamer recognition sites and the 
Cap site. The open boxes represent the duplicated 
immunoglobulin heavy chain enhancer (Eu.) and the M-
MuLV long terminal repeat (LTR). (b) Expression of the 
transgene in founder lines EppF29, EppF5 and EppF8. A 
Northern blot containing equal amounts (20 ug) of total 
RNA extracted from various tissues was hybridized with 
the Fratl ORF probe 0.45ft/ and an actin probe as a 
control for integrity and transfer of the RNA. The 28S and 
18S ribosomal bands are indicated as size markers. Since in 
most tissues the endogenous 2.5 kb Fratl mRNA is present 
at very low levels, only the 1.7 kb transgenic transcript is 
visible. The faint actin signal in the lanes containing total 
RNA from liver is not due to loading differences, but to the 
low levels of actin mRNA in liver. 

has been reported previously for IL-9 transgenic 
mice that carried the murine 119 gene under the 
control of the same promoter and enhancer 
elements (Renauld et ai, 1994). The level of 
transgene expression varied between the three 
different Eu-pp-Frar/ lines, and increasing 
amounts of Fratl mRNA were found in strain 
29, 8 and 5, respectively. 

Ep-pp-Fratl transgenic mice are not 
predisposed to development of spontaneous 
lymphomas 

No significant differences in tumor incidence 
were observed between Ep-pp-Fra/1 and control 
mice. Thus far, no spontaneous lymphomas were 
found in EppF29 mice, even after monitoring 
relatively large numbers of animals («=88) 
during a period of 600 days. Of 40 EppF5 
females that were monitored for tumors during a 
300 day period, only one animal developed a T 
cell lymphoma (TCRaß+CD3+CD4+CD8-) 
after 208 days. In line with this, histological 
examination revealed no obvious morphological 
changes in the lymphoid tissues of Ep-pp-Fra// 
transgenic mice. To determine whether specific 
cell populations were affected in Ep-pp-Fra/7 
transgenic mice, flow cytometric (FACS) 
analysis of bone marrow cells, thymocytes and 
splenocytes was performed using standard 
lymphoid and myeloid markers (see Materials 
and methods). No significant variations could be 
detected in any of the hemopoietic cell 
populations that were tested (data not shown). 
Also the responses of splenocytes to the B cell 
mitogen hpopolysacchande (LPS) or the T cell 
mitogen concanavahn A (conA), as determined 
by -^H-thymidine incorporation assays, were 
similar to responses of normal spleen cells. 
Finally, the responses of Ep-pp-Frart/ 
thymocytes to various apoptotic stimuli (see 
Materials and methods), and the percentage of 
conA-stimulated splenocytes undergoing 
apoptosis upon withdrawal of IL-2, were 
comparable to responses of control cells (data 
not shown). 

Accelerated onset of lymphomagenesis in Ep-pp-
Fratl/Ep-Piml doubly transgenic mice 

The Fratl gene is frequently activated by 
proviral insertions in the transplanted tumors of 
M-MuLV-infected E\i-Piml transgenic mice, 
suggesting cooperation between Fratl and Piml 
in T cell lymphomagenesis. To investigate this 
possibility, we crossed EppF29 and Ep-
Piml/FVB transgenic mice to produce doubly 
transgenic animals. The Ep-f tW/FVB strain 
used in this study was generated by 
microinjection of the E\.i-Piml transgene 
construct (van Lohuizen et al., 1989) into 
fertilized oocytes from FVB mice (J.Domen, 
unpublished data). Ep-Fz>«7/FVB transgenic 
mice showed a low incidence of spontaneously 
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Figure 2 Incidence of spontaneously occurring 
lymphomas in E\x-Piml single-transgenic and Eu-pp-
FratllE\i-Piml double-transgenic mice. The vertical axis 
represents the percentage of surviving mice. The horizontal 
axis represents the age of the mice in days. EppF29/Eu-
Piml double-transgenic mice and E[i-Piml littermates were 
monitored for spontaneous tumors during a period of 180 
days, after which the experiment was terminated. The 
incidence of spontaneous tumors in E\j.-pp-Fratl/E\i-Piml 
double-transgenic mice was significantly higher than in Eu-
Piml single-transgenic animals of the same genetic 
background (Log-Rank P = 0.0017). 

occurring T cell lymphomas, 26% within one 
year. This frequency is somewhat higher than the 
previously observed frequencies in E\i-Piml 
transgenic lines of mixed genetic background 
(van Lohuizen et al, 1989; Verbeek et al, 
1991). Hie use of inbred transgenic lines 
allowed us to measure the synergistic effect of 
both transgenes on a uniform genetic 
background. EppF29/Eu.-.Pwi./ double-
transgenic mice and E\i-Piml animals were 
monitored for spontaneous tumors during a 
period of 180 days. As shown in Figure 2, the 
incidence of spontaneously occurring tumors in 
E\i-pp-FratllEp,-Piml double-transgenic mice 
was significantly higher than in E\i.-Piml single-
transgenic animals (Log-Rank P = 0.0017). 
Lymphomas of five EppF29/Eu,-.P™7 
bitransgenic mice and six E\x-Pi?nl animals were 
analyzed by flow cytometry for lineage specific 
markers. Whereas all six Ep.-Piml lymphomas 
were of the immature TCRaß+CD4+CD8+ type, 
the EppF29/ELi-P»n/ tumors were either 
TCRaß+CD4+CD8+ (2 out of 5 tumors) or 
TCRaß+CD4+CD8- (3/5). Northern blot 
analysis of the tumors showed that both 
transgenes were expressed at high levels in all 
lymphomas of doubly transgenic mice (data not 
shown). These results demonstrate that Fratl 

and Piml can effectively collaborate in 
lymphomagenesis. Similar to what has been 
reported on spontaneous lymphomas of E\i.-Piml 
transgenic mice (van Lohuizen et al, 1989), all 
tumors of bitransgenic animals expressed high 
levels of Myc mRNA (data not shown). 

High susceptibility of Ep-pp-Fratl transgenic 
mice to M-MuLV-induced T cell lymphoma
genesis 

In M-MuLV-induced T cell lymphomas, 
activating proviral insertions in Fratl occur only 
in tumor cells that have already acquired two or 
more oncogenic mutations, suggesting that the 
selective advantage of Fratl is limited to 
lymphoma progression (Jonkers et al, 1997). 
This implies that E\x-pp-Fratl transgenic mice, 
although they are not predisposed to 
spontaneously occurring tumors, might develop 
tumors with increased frequency when the 
initiating oncogenic lesions are induced by 
retroviral or chemical agents. We sought to 
examine the susceptibility of E^i-pp-Fratl 
transgenic mice and non-transgemc littermates to 
M-MuLV-mduced T cell lymphomagenesis. For 
this purpose, newborn mice from matings 
between normal FVB and Efi-pp-Fratl (strains 
EppF29 and EppF8) were infected with M-
MuLV. Mice were sacrificed when moribund, 
and the T cell origin of the tumors was 
confirmed by FACS analysis. Increasing levels 
of Fratl expression correlated with an increasing 
proportion of TCRaß+CD4+CD8" lymphomas 
(wild type FVB: 4 out of 9 tumors; EppF29; 
9/11; EppF8: 15/15). The remaining tumors were 
either TCRaß+CD4"CD8- (FVB: 2/9; EppF29: 
2/11), or TCRccß+CD4+CD8+ (FVB: 3/9). As 
shown in Figure 3A, E]x-pp-Fratl transgenic 
mice developed lymphomas after a significantly 
shorter latency period than the non-transgenic 
littermates (Log-Rank P = 0.019 for EppF29 vs. 
FVB; P = 0.00003 for EppF8 vs. FVB). In 
agreement with the observed difference in 
transgene expression, the mean latency of 
lymphoma onset was shorter in EppF8 mice than 
in EppF29 animals. To determine whether 
known oncogenes were activated by proviral 
insertion, DNA samples from tumor tissues 
(spleens or mesenteric lymph nodes) were 
subjected to Southern blot analysis with probes 
specific for Myc, Nmycl, Piml, Pim2, Pall and 
the M-MuLV LTR. A summary of the 
percentage of common proviral insertions is 
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Figure 3 Acceleration of T cell lymphomagenesis in M-MuLV infected Ep-pp-Fra</ transgenic mice, (a) Survival curves for 
nconatally infected FVB mice and for transgenic mice from line EppF29 and line EppF8. The percentage of surviving mice is 
plotted against the age of the animals. Mice were killed when moribund and lymphomas were collected. Ep-pp-Fra// transgenic 
mice developed M-MuLV induced lymphomas after a significantly shorter latency period than the non-transgenic littermates 
(Log-Rank P = 0.019 for EppF29 vs. FVB; P = 0.00003 for EppF8 vs. FVB). (b) Expression of Frail, Myc, Nmycl, Piml, and 
Pim2 in M-MuLV-induced lymphomas of FVB, EppF29, and EppF8 mice. A northern blot containing 20 ug of total RNA 
extracted from tumor tissue, was hybridized subsequently with Fratl, Myc, Nmycl, Piml, and Pim2 probes. The same Northern 
blot was also hybridized with an actin probe as a control for loading and transfer. Ribosomal bands are indicated as size 
markers. In tumors X26, XI8 and X30, proviral insertions m Piml were detected. 

shown in Table 1. The fraction of Myc,Nmycl 
and Pall rearrangements in the tumors of M-
MuLV-infected Ep.-pp-Fratl transgenic mice 
was comparable to those observed in the M-
MuLV-induced lymphomas of non-transgenic 
littermates and similar to percentages previously 
reported for the FVB genetic background (van 
der Lugt et al, 1995). Surprisingly, proviral 
insertions near Piml or Pim2 were observed in 
37% of the FVB tumors, in 2 1 % of the EppF29 
tumors, and in none of the EppF8 tumors (P = 
0.0009 for EppF8 vs. FVB). Northern blot 
analysis of tumor RNA revealed elevated levels 
of normal-sized Piml mRNA in all EppF8 
lymphomas (Figure 3B), suggesting that in these 
tumors Piml was activated in trans, or by 
proviral enhancer insertions located outside the 
22 kb genomic Piml region that was examined 
by Southern analysis. Enhanced Piml expression 
in the absence of detectable proviral integrations 
in the Piml locus was also observed in several 

EppF29 tumors, as well as in tumors from FVB 
control littermates, showing that this 
phenomenon can also occur in the absence of 
Fratl overexpression (Figure 3B). 

Table 1 Proviral integration sites in M-MuLV-
induced T cell lymphomas 

Mean % of proviral insertion near 

Genotype latency 
(days) 

n Myc Nmyc Pall Piml Pim2 

FVB 81 34 36 9 39 30 7 

EppF29 66 19 37 6 39 21 0 

EppF8 45 18 50 6 44 0 0 
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Nephrotic syndrome in Fratl transgenic mice 

While E\i-pp-Frat] transgenic mice were not 
found to be tumor-prone, all male animals of 
strams EppF5 and EppF8 succumbed to renal 
failure after a variable latency period (Figure 
4A). A mild nephrotic syndrome was also 
observed in EppF29 males (Table 2). The 
occurrence of a nephrotic syndrome in all three 
E\x-pp-Fratl transgenic lines, and the correlation 
of the disease phenotype with the expression 
level of the transgene demonstrate that the 
mutant phenotype is caused by deregulated 
Fratl expression, and not by the interruption of 
an endogenous gene at the transgene integration 
site. The nephrotic syndrome in Fratl transgenic 
mice was characterized by proteinuria and 
generalized edema. In male mice of strains 
EppF5 and EppF8, proteinuria was first observed 
between day 70 and 110 (Figure 4B). In these 
mice, massive proteinuria associated with a full 
blown nephrotic syndrome had developed by 
day 150. In contrast female EppF5 and EppF8 
mice had markedly milder lesions, starting at a 
later age with pathology at day 400 resembling 
the changes observed in male mice at day 150 
(Figure 4A and Table 2). In most mice with end-
stage disease, macroscopically visible protein 
aggregates were present in the bladder. Blood 
serum analysis of animals with end-stage disease 
revealed elevated levels of cholesterol and low-
density lipoproteins (hyperlipidemia) and 

Table 2. Nephrotic syndrome in EppF29 males and EppF8 

Strain Gender Latency Disease phenotype Latency 

Proteinuria0 Edemt Renal lesions 

29 d 406 yes no segmental GS 

d 470 yes no global GS 

d 506 yes no global GS 

a" 522 yes no segmental GS 

d 524 yes no segmental GS 

d 524 yes no segmental GS 

d 553 yes no segmental GS 

d 553 yes no segmental GS 

8 ? 318 yes yes global GS 

? 332 yes yes global GS 

Î 465 yes yes global GS 

9 97 yes yes global GS 

Î 521 yes no global GS 

% survival 

1 I ; 
EppFS a" n=16) EppFS a" n=16) 

— L \ "] - - EppF5 a (n-31) 

\ i L 
EppF5 ï ("=24) 

a>5.0 mg protein/ml urine versus 0.3 mg protein/ml control 
urine using urine test strips, b GS: glomerulosclerosis 

Figure 4 Nephrotic syndrome in E^-pp-Fratl transgenic 
mice, (a) Survival of Eu-pp-Frar/ transgenic mice. The 
vertical axis represents the percentage of surviving mice. 
The horizontal axis represents the age of the mice in days. 
Mice with end-stage renal disease were sacrificed and 
kidneys, urine, and blood serum samples were collected. 
The survival curves for EppF5 males, EppF5 females and 
EppFS males are shown, (b) Progressive proteinuria in 
EppF5 transgenic males. The vertical axis represents the 
total amount of albumin present in urine secreted during a 
period of 48 hours. The age of the mice at the time of urine-
sampling is indicated at the horizontal axis. Each bar 
represents a single animal of the specified genotype. The 
absence of a bar at a given time point indicates that the 
animal has died of nephrosis. At the age of 50 days, no 
differences in the amounts of urine-secreted albumin were 
found between EppF5 transgenic males and wild type 
littermates (not shown). 

hypoalbuminemia due to proteinuria. These 
abnormalities are together with generalized 
edema indicative of nephrotic syndrome in man. 

Histological examination of the kidneys of 
diseased mice revealed focal and segmental 
glomerulosclerosis with hyahnosis. As shown in 
Figure 5 C and D, these lesions are characterized 
by mesangial proliferation, increase of 
extracellular matrix, and segmental collapse of 
capillaries associated with cellular and fibrous 
adhesions to Bowman's capsule. Extensive 
interstitial fibrosis and inflammation was present 
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Figure 5 Renal histological features of Eu-pp-/7™// transgenic mice with nephrotic syndrome, (a-d) Light microscopic 
characteristics of representative sections of control kidneys (a and b) and of diseased E\i-pp-Fratl kidneys (c-d). (c) Overview 
of corticomcdullary border of severely affected kidney, showing focal segmental hyalinosis and glomerulosclerosis, and dilated 
tubules with proteinaceous casts, (d) Glomerulus showing segmental capillary collapse together with mesangial expansion and 
adhesion to Bowman's capsule, (e-f) Renal ultrastructure of Eu-pp-Frar/ transgenic mice with nephrotic syndrome, showing 
widespread, but not diffuse obliteration of visceral epithelial cell foot processes with microvillous transformation of the 
podocytes. (a and c: PAS, x 100; b and d: PAS, x 630; e: x 1000; f: x 3000). 

in areas of tubular atrophy characterized by 
pseudo-thyroid degeneration. Immunofluores
cence microscopy revealed no abnormalities, in 
particular no immune deposits. Electron 
microscopy revealed widespread, but not diffuse 
obliteration of visceral epithelial cell foot 
processes with microvillous transformation and 
vacuolization of the podocytes (Figure 5 E, F). 

Endothelial cells were normal. The glomerular 
basement membrane (GBM) showed irregular 
thickness with local spike-like protrusions of the 
GBM. No electrondense deposits that are 
characteristic for immune complexes were 
found. 

The immune system, and disturbed T 
lymphocyte function in particular, has previous-
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ly been implicated in the pathogenesis of several 
kidney disorders (Klein, 1993; Couser, 1994). 
The presence of protein deposits in the tubules of 
diseased kidneys suggested that the nephrotic 
syndrome in E\i-pp-Fratl transgenic mice might 
be caused by a systemic autoimmune disease 
resulting in increased serum levels of specific 
auto-antibodies. To test this hypothesis, serum 
was collected from 4 months old EppF5 males 
(n=8) and from animals with end-stage disease 
(«=19). All sera were screened by indirect 
immunofluorescence for anti-nuclear antibodies 
(ANA) on Hep2 cells, and for anti ds-DNA 
antibodies on Crithidia luciliae, but in no 
instance positive fluorescence was observed. 
Likewise, no antibodies against components of 
the glomerular basement membrane (GBM) or 
the glomerular epithelial cell (GEC) membrane 
could be detected in sera from nephrotic Eu.-pp-
Fratl mice. 

To determine whether overexpression of 
Fratl in the hematopoietic compartment is 
sufficient for induction of the nephrotic 
syndrome, long term bone marrow 
transplantation experiments with bone marrow 
cells derived from EppF5 transgenic males were 
performed. The levels of urine-secreted albumin 
from the resulting bone marrow chimeras were 
monitored over a period of 10 months following 
transplantation, but no differences were found 
between animals reconstituted with EppF5 bone 
marrow (n=5) and mice reconstituted with 
FVB/N bone marrow cells (n=5). 

Discussion 

lymphomagenesis in Fratl transgenic mice 

To explore the oncogenic potential of Fratl and 
to study cooperative interactions with other 
oncogenes, we have generated three independent 
transgenic mouse lines in which Fratl is 
expressed at different levels in several organs, 
including hematopoietic tissues. Thus far, no 
mice of the EppF29 or EppF8 lines have 
developed any spontaneous lymphomas. One out 
of 40 females of the EppF5 line succumbed from 
lymphoma at the age of 208 days, but it is not 
clear whether this was due to the transgene 
expression, or to the low incidence of 
spontaneously occurring lymphomas in FVB 
mice. The observation that Ep-pp-Fratl 
transgenic mice are not markedly predisposed to 

the development of spontaneous T cell 
lymphomas underscores the notion that the role 
of Fratl in lymphomagenesis is restricted to 
tumor progression. In line with this, the absolute 
and relative sizes of the major hematopoietic cell 
compartments of E\x-pp-Fratl animals were 
found to be normal, and also no abnormalities 
have been recognized in the responses of various 
lymphocyte populations to mitogenic or 
apoptotic stimuli. 

Direct evidence for a role of Fratl in 
lymphomagenesis was obtained by intercrossing 
Eu-pp-Frar/ and E\i.-Piml transgenic mice. The 
offspring developed spontaneous lymphomas 
significantly faster than Ep,-Piml single-
transgemc animals. The elevated Myc expression 
in all tumors from bitransgenic animals is in 
concordance with the concerted proviral 
activation of Myc and Fratl in several 
transplanted lymphomas from M-MuLV-
mfected Ep,-Piml transgenic mice (Jonkers et 
al, 1997), and provides further evidence for the 
collaborative action of Piml, Myc and Fratl in 
lymphomagenesis. 

The requirement for transforming events 
other than overexpression of Fratl was indicated 
by the absence of spontaneous lymphomas in 
Ep.-pp-Fratl transgenic mice, and was further 
confirmed by the increased incidence of 
spontaneous lymphomas in E\i-pp-Fratl IE\x-
Piml double-transgenic animals. To probe this 
point further, we employed proviral tagging to 
determine whether Ep-pp-Fratl transgenic mice 
are more susceptible to M-MuLV-induced 
lymphomagenesis, and to establish which genes 
collaborate with Fratl in virus-induced 
malignancy. We found that the average latency 
period of lymphoma development was reduced 
from 81 days for M-MuLV-infected wild type 
FVB mice to 66 days for EppF29 mice, and to 
45 days for EppF8 animals. This reduction in 
latency correlates well with higher expression 
levels of Fratl in the EppF8 line, compared to 
the EppF29 line. 

The percentage of proviral insertions near 
MyclNmycl and Pall in the virus-induced Eu-
pp-Fratl tumors was found to be comparable to 
the frequencies observed in control littermates, 
indicating that Fratl can effectively cooperate 
with these genes in lymphoma development. 
However, the fraction of PimllPimI 
rearrangements was markedly reduced, and no 
integrations in these loci were detected m tumors 
from the EppF8 line. All EppF8 lymphomas 
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expressed nevertheless high levels of normal-
sized Piml mRNA, suggesting that activation in 
trans or cis-activation by distant proviral 
enhancer insertions had occurred. Although the 
correlation between this type of Piml activation 
and Fratl overexpression is absolute within the 
EppF8 tumor panel, some EppF29 tumors with 
high Fratl expression showed no augmented 
expression of Piml. It is therefore unlikely that 
overexpression of Fratl induces Piml in a direct 
fashion. An alternative explanation for this 
phenomenon might be that overexpression of 
Fratl predisposes to a specific class of 
lymphomas in which Piml is induced by 
epigenetic events, since increasing levels of 
Fratl expression were found to result in an 
increasing proportion of TCRccß+CD4+CD8~ 
lymphomas of the mature helper T cell class. 
Also this correlation is however imperfect, since 
most but not all TCRaß+CD4+CD8- lymph
omas showed augmented Piml expression, and 
conversely, two lymphomas of a different class 
expressed Piml mRNA in the absence of 
detectable Piml integrations. 

Nephrotic syndrome in Fratl transgenic mice 

With aging, all Ep-pp-Frar/ transgenic mice 
developed a nephrotic syndrome, characterized 
by proteinuria, hypoalbuminemia, hyperlipid-
emia, and ultimately generalized edema. From a 
morphological point, diseased mice developed 
glomerular lesions characteristic of focal 
segmental glomerulosclerosis with hyalinosis 
and extensive tubular degeneration. Based on 
these histopathological features, the nephropathy 
in Ep-pp-Frar/ transgenic mice can be classified 
as focal and segmental glomerular sclerosis 
(FGS, Weening et al, 1986). The occurrence of 
a nephrotic syndrome was observed in all three 
transgenic lines, and its progression-rate 
correlated with the level of transgene expression, 
demonstrating that this disease is a direct 
consequence of the transgene expression, and 
not due to interruption of an endogenous gene at 
the transgene integration site. The average 
latency period was significantly shorter for 
transgenic males than for female littermates. 
This difference might be caused by the presence 
of a modifier-gene on the Y chromosome of 
FVB mice, analogous to the Y chromosome-
linked Yaa gene that is known to accelerate 
autoimmune disease in systemic lupus 
erythematosus (SLE) (Izm era/., 1994). 

In a number of kidney disorders, immune 
mechanisms have been implicated as the 
initiating factors or the proximate causes of 
injury. These include glomerulopathies 
associated with multisystem diseases, such as 
lupus nephritis in SLE (Kotzin, 1996), and 
nephropathies associated with a nephrotic 
syndrome, such as FGS, minimal change 
nephrotic syndrome (MCNS), membranous 
nephropathy (MN) or IgM mesangial 
nephropathy (IgMN) (Klein, 1993). We have 
tested extensively the possibility that the 
nephrotic syndrome in Ep-pp-Frar/ transgenic 
mice is caused by a systemic autoimmune 
disease, but we have thus far obtained no 
evidence for this notion. Ep.-pp-.Frar/ animals do 
not display the accumulation of immune deposits 
in the kidney, nor do they show the 
hypergammaglobinemia, splenomegaly, and 
self-reactive T and B cell populations as 
observed in lupus nephritis or Flil -induced renal 
disease (Zhang et al., 1995; Kotzin, 1996). 
Moreover, the responses of Ep-pp-Frar/ 
thymocytes to various apoptotic stimuli 
(including a-Fas), and the apoptotic response of 
activated peripheral T cells to IL-2 withdrawal 
were found to be normal. Likewise, no 
autoantibodies against nuclear or glomerular 
constituents have been detected in blood sera 
from healthy Ep-pp-Frar/ transgenics and from 
nephrotic mice. Finally, long-term bone marrow 
transplantation experiments showed that 
overexpression of Fratl in the hematopoietic 
compartment alone does not induce a nephrotic 
syndrome. Given the fact that all three founder 
lines used in this study show transgene 
expression in kidney, the combined results from 
our studies favor the hypothesis that the primary 
lesion leading to nephropathy in Ep-pp-Frar/ 
transgenic mice is kidney-borne instead of 
blood-bome. In this respect our findings are in 
contrast with the observations of Nishimura and 
coworkers, who reported that transplantation of 
bone marrow cells or purified hematopoietic 
stem cells from FGS mice in which FGS appears 
to be controlled by two pairs of autosomal 
recessive genes, can induce FGS in normal mice 
(Nishimura er al, 1994). The recent finding that 
Frat can activate the Wnt signal transduction 
pathway through inhibition of GSK3 kinase 
activity, raises the possibility that the 
nephropathy in Ep-pp-Frar/ transgenic mice is 
caused by ectopic Wnt signaling activity in the 
(developing) kidney (Yost er al, 1998). In this 

63 

http://Ep.-pp-.Frar/


Chapter 3 

respect it is noteworthy that several Wnt family 
members (Wnt-4, 7b, and 11) are expressed in 
the metanephric kidney, and that expression of 
Wnt-4 correlates with, and is required for, 
kidney tubulogenesis (Stark et al, 1994; Kispert 
et al, 1996; Kispert et al, 1998). 

Materials and methods 

Generation of Eß-pp-Fratl and Efi-Piml/FVB 
transgenic mice 

A 920-bp Sifl-Xliol fragment encompassing the Fratl 
coding domain was cloned into a cassette vector (van 
Lohuizen et al, 1989), linking the Fratl gene to the 
Pirn I promoter, a duplicated Eu enhancer, and a M-
MuLV LTR. A purified 6.4 kb Saä fragment was 
microinjected into fertilized oocytes from FVB/NA 
mice (Taketo et al, 1991). The recovery of oocytes, 
conditions for microinjection, and transfer of the 2-
cell stage embryos have been described previously 
(van Lohuizen et al, 1989). Genotyping was 
performed by Southern analysis of tail-tip DNA, 
according to (Laird et al, 1991). The Eu-P/m//FVB 
transgenic mice used in this study were obtained by 
microinjection of the previously described Eyi-Piml 
transgene (van Lohuizen et al, 1989) into the 
pronuclei of FVB/NA zygotes (J.Domen, unpublished 
results). 

Mice and lymphoma induction 

Mice were fed with a standard diet (AM-II from Hope 
Farms, Woerden, The Netherlands) and water of pH 
2.7-2.8. For lymphoma induction, newborn mice from 
crosses between normal FVB mice and Eu-pp-Frar/ 
transgenic mice were infected with 104-10! plaque-
forming units of M-MuLV clone 1A as described 
previously (Jaenisch et al, 1975). Mice were 
sacrificed when moribund and tumor tissues (spleen, 
thymus, mesentenc/penpheral lymph nodes, liver) 
were frozen at -80°C. FACS analysis was performed 
on single-cell suspensions from mesenteric lymph 
node or spleen. 

DNA and RNA analysis 

High molecular weight DNA was isolated from 
lymphoma tissues as described previously (van der 
Putten et al, 1979). Southern analysis was performed 
with 10 ug of genomic DNA, digested with the 
appropriate restriction enzymes. For Northern 
analysis, 20 ug of total RNA, isolated according to 
(Sambrook et al, 1989), was used. Blotting and 
hybridization procedures were as described previously 
(Sambrook et al, 1989). The following probes were 
used: Myc, 3 kb Xbal-HindBl fragment (Shen-Ong et 
al, 1982); Nmycl, 3.5 kb Pst\ fragment (Taya el at, 
1986); Pitnl probe A, 0.9 kb BamHl fragment 
(Cuypers et al, 1984); Pim2 5' probe, 0.5 kb BamHl 
fragment (van der Lugt et al, 1995); Pim2 probe C, 
0.7 kb Sacl fragment (van der Lugt et al, 1995); Pali 

probe A, 1.0 kb Bglll fragment (van Lohuizen et al, 
1991); Fratl probe 0A5Pst, 0.45 kb Pstl fragment 
(Jonkers et al, 1997) and M-MuLV U3LTR, 180 bp 
HpaW fragment (Cuypers et al, 1984). 

Flow cytometric analysis 

Approximately 10' cells were incubated in 20 ul PBA 
(phosphate-buffered saline with 1% BSA and 0.1% 
sodium azide) and saturating amounts of monoclonal 
antibody, in 96-well plates. After incubation, 30 
minutes at 4°C, the cells were washed twice with PBA 
and incubated with streptavidin-phycoerythrin for 
biotinylated antibodies, or with PBA. The folio wing 
antibodies were used: CD45R/B220 (6B2), CD3 (145-
2C11), CD4 (RM4-5), CD8 (53-6.7), TCRaß (H57-
597), CD43 (S7), all from Pharmingen (San Diego, 
CA), and slg/goat anti mouse immunoglobulin 
(GaM-FITC) from Tago (Burlingame, CA). Heat 
Stable Antigen (30F1) was kindly provided by 
K.Rajewsky (Cologne, FRG). 

Histological analysis 

Tissues were isolated from mice and directly fixed in 
Harrison's fixative (4% v/v formol, 40% v/v ethanol, 
0.43% w/v NaCl and 5% v/v acetic acid) for at least 
24 hours (Harrison, 1984). Fixed tissues were 
dehydrated, embedded in Histowax, cut at 5 um 
sections and stained with periodic acid-Schiff (PAS) 
(Sheehan and Hrapchak, 1980). Immune deposits in 
diseased kidneys of Eu-pp-Fra;/ mice were studied 
by direct immunofluorescence on cryosections with 
GaM-FITC (Tago, Burlingame, CA). For electron 
microscopy, tissue was processed according to 
standard procedures. 

Proliferation assays 

Splenocytes were seeded at various densities in 96-
well plates in 100 ul medium (RPMI 1640 
(GibcoBRL) with 10% FCS (GibcoBRL) and 50 uM 
8-mercaptoethanol), supplemented with 2.5 ug/ml 
conA or 30 ug/ml LPS. After 24 hours incubation at 
37°C, 'H-thymidine was added to a final concentration 
of 4 uCi/ml. The cultures were incubated for an 
additional 8 hours at 37°C. The cells were collected on 
filters, washed, and 3H-thymidine incorporation was 
determined by scintillation counting. 

Apoptosis assays 

The assays measuring response to apoptosis were 
performed as described previously (Brady et al, 
1996). Thymocytes were exposed to one of the 
following apoptotic stimuli: 2 uM dexamethasone for 
6 hours, 1 ug/ml ionomycin for 14 hours, 5 ng/ml 
phorbol myristate acetate (PMA) for 14 hours, cc-Fas 
antibody (Jo-2; Pharmingen) for 20 hours, or a-
Fas/cyclohexrmide (30 ug/ml) for 20 hours. 
Alternatively, thymocytes were exposed to y radiation 
(100 rads) from a "7Cs source (Von Gahler Nederland 
B.V.) and cultured for an additional 16 hours. 
Activated T cells, obtained by incubating splenocytes 
with ConA for 72 hours, were cultured for another 24 
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hours in medium without exogenous IL-2, and the 
percentage of apoptotic cells was determined at 
subsequent time points. The percentage of cells 
undergoing apoptosis was estimated by flow 
cytometric quantitation of hypodiploid thymocytes, 
essentially as described (Nicoletti et al., 1991). The 
percentage apoptosis in the treated thymocytes was 
normalized to that found in untreated cultures derived 
from the same animal. All analyses were performed in 
triplicate, and consistent results were obtained for 
duplicate sets of mice tested in two independent 
experiments. 

Quantitation of albumin in urine 

Urinary albumin secretion was measured in urine 
collected by housing the mice for 48 hours in 
metabolic cages with free access to water and food. 
Total amounts of albumin were determined using 
radial immunodiffusion according to (Mancini et al, 
1965). For routine analysis, a semi-quantitative 
determination of protein in urine samples was 
obtained by reflectance photometric analysis of 
Combur' urine test strips with the Urotron RL 9 
photometer (Boehringer Mannheim). 

Determination of autoantibodies 

Sera from Eu-pp-Fra;/ transgenic mice and from 
control littermates were screened at a dilution of 1/10 
in PBS on Crithidia luciliae, as described (Aarden et 
ai. 1979). For detection of ANA, spots of Hep2 cells, 
cultured on slides, were incubated for 45 min with 
sera diluted 1/40 in PBS. After washing in PBS (3x5 
min) cells were incubated with the secondary 
antibody for 45 min, washed again, and stained with 
0.01% Evans Blue. GaM-FITC (M 1204 from CLB, 
Amsterdam) was used as secondary antibody. For 
detection of antibodies against components of the 
GBM or the GEC membrane, cryosections of kidneys 
from healthy mice were incubated with different 
dilutions of sera from nephrotic Eu-pp-Frar/ mice, 

followed by incubation with GaM-FITC (Tago, 
Burlingame, CA). 

Long-term bone marrow transplantations 

Bone marrow cells were isolated from femurs and 
tibiae of 22 weeks old Eu-pp-Fra(/ transgenic mice 
and wild type littermates. As bone marrow recipient 
animals, 8 weeks old sex-matched FVB/N mice were 
used. These animals were subjected to a single dose of 
X-ray irradiation (6.8 Gy). Four hours post-
irradiation, approximately 5 x 106 cells were injected 
intravenously into each recipient. For 2 weeks 
following irradiation and bone marrow 
transplantation, the recipients were maintained on 
aqueous antibiotics by supplementing the water 
source with 2 mg/ml neomycin-sulfate. The 
percentage of transgenic peripheral blood 
lymphocytes (PBL) in the bone marrow recipients 
exceeded 75%, as determined by semi-quantitative 
PCR analysis of PBL DNA. 
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The Fratl gene was first identified as a proto-
oncogene involved in progression of mouse T 
cell lymphomas. More recently, FRAT/GBP 
(GSK-3ß Binding Protein) family members 
have been recognized as critical components 
of the Wnt signal transduction pathway. In an 
attempt to gain more insight into the function 
of Fratl, we have generated /rafi-deficient 
mice in which most of the coding domain was 
replaced by a promoter-less (3-galactosidase 
reporter gene. While the pattern of LacZ 
expression in Fratllac^/+ mice indicated 
Fratl to be expressed in various neural and 
epithelial tissues, homozygous Fratl'ac^ mice 
were apparently normal, healthy and fertile. 
Tissues of homozygous Fratl^ac^ mice 
showed expression of a second mouse Frat 
gene, designated Frati. The Fratl and Frat3 
proteins are structurally and functionally 
very similar, since both Fratl and Frat3 are 
capable of inducing a secondary axis in 
Xenopus embryos. The overlapping 
expression patterns of Fratl and Frati during 
murine embryogenesis suggest that the 
apparent dispensability of Fratl for proper 
development may be due to the presence of a 
second mouse gene encoding a functional Frat 
protein. 

Key words: gene targeting; fetal development; 
Frat; knockout mice; proto-oncogenes; signal 
transduction; Wnt; Xenopus laevis 

Introduction 

The proto-oncogene Fratl was originally 
identified as a common site of proviral insertion 
in the transplanted tumors from Moloney murine 
leukemia vims (M-MuLV)-infected E[i-Piml or 
H2-K-A/VC transgenic mice (Jonkers et al., 
1997). Contrary to most common insertion sites, 

retroviral insertional mutagenesis of Fratl 
constitutes a relatively late event in M-MuLV-
induced lymphomagenesis, suggesting that 
proviral activation of Fratl contributes to 
malignancy of T cell lymphomas. Experiments 
with transgenic mice that overexpress Fratl m 
lymphoid tissues have shown that, while these 
mice did not exhibit an increased incidence of 
lymphomas, they were highly susceptible to M-
MuLV-induced lymphomagenesis (Jonkers et 
al., 1999). Moreover, a marked increase in 
lymphoma incidence was observed in 
FratllPiml doubly transgenic animals, 
compared to Pitnl transgenic littermates. These 
results underscore the role of Fratl in lymphoma 
progression: overexpression of Fratl in 
transgenic animals only confers a selective 
advantage to cells that already carry initiating 
mutations, introduced either via crosses with 
oncogene-bearing mice, or via retroviral 
insertional mutagenesis. Unexpectedly, 

overexpression of Fratl in transgenic mice also 
resulted in the development of focal 
glomerulosclerosis and nephrotic syndrome, 
characterized by proteinuria due to a glomerular 
sieving defect (Jonkers et al., 1999). Long-term 
bone marrow transplantation experiments 
showed that overexpression of Fratl in the 
hematopoietic compartment alone does not 
induce nephrotic syndrome, suggesting that the 
primary lesion is kidney-bome rather than 
blood-borne. The exact mechanism underlying 
this syndrome is at present unknown. 

Although to date the physiological role of 
mouse and human Fratl remains elusive, recent 
experiments m Xenopus laevis have shown that 
two FRAT/GBP gene family members can 
activate the Wnt signal transduction pathway in 
early embryos by inhibiting GSK-3 kinase 
activity (Yost et al., 1998). An Xgsk-3 binding 
protein, named GBP, was identified in a yeast 
two-hybrid screen, and subsequently found to be 
homologous to mouse Fratl and human FRATI 
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Figure 1 Generation of Eraf/-deficient mice. (A) The Fratl genomic locus (top), targeting vector (middle) and targeted allele 
(bottom). The Fratl gene contains a single protein-coding exon (black box) flanked by 5' and 3' untranslated regions (open 
boxes).The transcriptional orientation of Fratl, lacZ, and PGK-Hyg is denoted by arrows. The 5' and 3' probes are indicated by 
shaded boxes. BamHI (B), Kpnl (K) and EcoRV (V) sites are indicated. (B) Southern blot analysis of genomic DNA from wild 
type and targeted ES cell clones (EcoRV panels), and Southern blot analysis of genomic tail DNA from offspring of a 
heterozygous cross (BamHI panel). +/+, wild type; +/-, FratllacZ heterozygote: -/-, FratllacZ homozygote. (C) Northern blot 
analysis of poly(A)-selected RNA from various adult mouse tissues from a wild type mouse and a Fratl'acZ null mutant mouse 
with a Fratl ORF probe corresponding to the region deleted in the Fratl^acZ allele. The Frat3 transcripts in Fratl^acZ null 
mutant thymus and testis are indicated by arrows. The same blot was re-hybridized with an actin probe to check the amount and 
integrity of RNA loaded. Abbreviations: spleen (Sp), thymus (Th), brain (Br), testis (Te). 
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in three well-conserved domains (I-III). 
Expression of GBP caused acitvation of the 
downstream Wnt pathway in Xenopus embryos 
by inhibiting Xgsk-3 kinase activity, which in 
turn led to accumulation of ß-catenin. Both GBP 
and a C-terminal fragment of human FRAT2, 
containing only domain II and the Xgsk-3 
binding domain III, could induce formation of a 
secondary body axis when expressed in the 
ventral blastomeres of 2- to 16-cell stage 
Xenopus embryos, suggesting that the potential 
to function as a Wnt signaling component may 
be a common trait of FRAT/GBP family 
members. Importantly, depletion of GBP mRNA 
in stage VI Xenopus oocytes using antisense 
oligonucleotides resulted in development of 
ventralized embryos, demonstrating that 
maternal GBP RNA is required for the normal 
formation of the dorso-ventral axis in Xenopus. 
These results, combined with other experiments 
indicating that the normal Wnt components 
upstream of Xgsk-3 are not involved in axis 
formation (Sokol, 1996; Hoppler et al., 1996) 
define GBP as the most upstream member of the 
maternal Wnt pathway required for axis 
formation in Xenopus. Zebrafish also express a 
maternal GBP involved in dorsal-ventral axis 
formation, indicating that Wnt components 
upstream of ß-catenin are conserved between 
amphibians and teleosts (Sumoy et al, 1999). 

The fact that Fratl is expressed at low levels 
during murine embryogenesis from gestation 
day 10 onwards (Jonkers et al., 1997), hints at a 
role for Fratl in the developing embryo. In this 
study, we have generated a FratFac^ null allele 
to gain more insight into the function of Fratl. 
We find that homozygous Fratl^ac^ null 
mutants are healthy and indistinguishable from 
their wild type littermates, despite expression of 
Fratl in various neural and epithelial tissues of 
normal mouse embryos. We report here on the 
identification of a second mouse gene encoding 
a functional Frat protein, which shows an 
embryonic expression pattern that largely 
overlaps with expression of Fratl. Together 
these findings suggest possible complementation 
between both mouse Frat genes. 

Results 

Targeting of the Fratl gene and generation of 
praijlacZ homozygotes 

The Fratl targeting construct was designed to 
replace 660 nt of the Fratl coding sequences by 
a promoter-less ß-galactosidase (lacZ) reporter 
gene and a Hygromycm resistance (Hyg) gene 
(Figure 1A). The targeting construct was 
electroporated into embryonic stem (ES) cells, 
and homologous recombinants were obtained 
with a frequency of 1 in 7 Hygromycin B-
resistant colonies. Two independent clones were 
used to generate chimeric mice, which were bred 
with FVB mice to produce outbred strams, or 
with 129/OLA to obtain inbred mouse lines. 
Mice, homozygous for the targeted mutation in 
Fratl, were generated by intercrosses of 
heterozygous mice (Figure IB). To verify that 
the gene disruption created a null allele, we 
examined expression of Fratl mRNA in 
different tissues from FratFac^ homozygotes 
(Figure 1C). 

LacZ expression in Fratl tacZ heterozygotes 

LacZ expression patterns m embryos (E8.0-
E17.5) and different organs were examined by 
whole-mount LacZ staining, or by LacZ staining 
of cryosections (Figure 2). The earliest 
expression of ß-galactosidase, controlled by the 
Fratl promoter, was detected m the neural tube 
of E8-8.5 embryos (Figure 2A). In E12.5 
embryos, LacZ expression was found in the 
developing brain, spinal cord, spinal ganglia, 
olfactory pits, otic vesicles and the apical 
ectodermal ridge of the developing limb buds 
(Figure 2B). In older embryos, LacZ staining 
was also observed in vibrissae, and to a lesser 
extent in limb cartilage and vertebras. 
Examination of organs from neonates (Figure 
2C-E), adult mice (Figure 2F) and E 17.5 
embryos (Figure 2G-I) revealed LacZ expression 
in neuronal cells of the peripheral nervous 
system (ganglion layer of retina, auditory nerve 
cells, spinal and cranial ganglia) and the central 
nervous system (spinal cord, granular layer of 
the cerebellar cortex, cerebral cortex, thalamus 
and pallidum, hippocampus, gyrus dentatus, 
geniculate nuclei, lateral septal nuclei, cingulum, 
olfactory bulb). In addition, LacZ expression 
was found m different epithelial tissues (nasal 
cavities, trachea, bronchi, intestinal epithelium, 
tubular epithelium of the kidney). In testis, 
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\é fc 
Figure 2 Fratl expression in Fratl^ac^l+ embryos and newborns as revealed by lacZ staining. (A) Dorsal view of E8 embryo 
with Fratl expression in the neural fold. (B) Lateral view of E12.5 embryo. Strongest expression is in telencephalon, spinal 
cord, eye, and nasal pit. (C-E) Whole mount lacZ staining of a skinned and mid-sagital cleaved newborn. (C) In the head, 
expression is detected in residual skin, nasal cavities, epithelium of tongue, palate and trachea, molecular layer of cortex, 
hippocampus, trigeminal ganglion, spinal cord and intervertebral disks. (D) In the thorax, expression is restricted to bronchi and 
bronchioli. (E) Caudally, lacZ staining is located in spinal ganglia, intervertebral disks, skin, and epithelium of colon, rectum 
and urethra. (F) Whole mount LacZ staining of a coronal adult brain section, showing expression in the molecular layer of 
cortex, cingulum, hippocampus, geniculate nuclei, gyrus dentatus, and thalamic and hypothalamic nuclei. (G-I) lacZ staining 
and neutral red counterstaining of cryosections from El 7.5 embryos.(G) Spinal ganglion. (H) Lung, showing expression in 
broncheoli. (1) Eye, showing expression in the retina. Magnification: (G, H) 200 x, (I) 400 x. 

strong blue-staining was observed in 
seminiferous tubules (not shown). 

LacZ expression of hematopoietic cell 
populations in bone marrow, thymus and spleen 
was examined by triple color FACS analysis, 
using the fluorogenic ß-galactosidase substrate 
fluorescein-di-beta-D-galactopyranoside (FDG) 
in combination with phycoerythrin- and 
cychrome-labeled antibodies against different 
surface markers. As shown in figure 3, highest 
ß-galactosidase activity was detected in CD4+ 

thymocytes. No significant or low LacZ 
expression was observed in peripheral T cells, 
immature B cell populations in bone marrow, 
and mature B cell populations in spleen. 

Fratl-deficient mice are viable and display no 
obvious abnormalities 

While the pattern of LacZ expression in 
prat]lacZ/+ embryos and adult mice indicates 
that Fratl is expressed in various neural and 
epithelial tissues, Fratl^ac^ homozygotes 
showed no notable differences in size, behavior, 
life span, and reproductive ability when 
compared to heterozygous or wild type 
littermates. Both gross examination and 
histological analyses of all major organ systems 
did not reveal any abnormalities, and also a 
detailed analysis of LacZ expressing tissues 
from homozygous Fratl'ac^ null mutant 
embryos and adults showed no significant differ
ences, compared to heterozygous littermates. 
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Figure 3 Frail expression in T and B cells from Frall^ac^ heterozygotes and homozygotes. Flow-cytometric analysis of 
thymocytes or splenocytes, loaded with fluorescein-di-ß-galactopyranoside (FDG) and stained with saturating amounts of PE-
conjugated HSA- or CD4-specific mAb. In thymus, lacZ activity correlates with expression of CD4. In spleen, weak lacZ 
activity is detected in both T and B cell populations. 

The normal size and architecture of lymphoid 
organs, including bone marrow, thymus, spleen 
and lymph nodes, suggested lymphocyte 
populations to be normal. This was confirmed by 
two-color FACS analyses of bone marrow, 
thymocyte and splenocyte populations, using 
different combinations of labeled antibodies (see 
Experimental Procedures). Similarly, triple color 
flow cytometric analysis showed no differences 
between LacZ expressing thymocytes from 
Fratl'acZ homzygotes and Fratl'ac^ /+ 
heterozygotes. 

Cloning ofFrat3 

Northern blot analysis of polyA+ RNA derived 
from Fratl+'+ and Fratl''' tissues using a Fratl 
ORF probe corresponding to the deletion in the 
Fratl null allele, showed upon overexposure 
cross-hybridization of the probe to specific 
transcripts (Figure 1C, right panel). In Fratl''' 
thymus a transcript of approximately 2.7 kb was 
found, and in Fratl''' testis a shortened 

transcript of 1.5 kb was detected. As we had 
already cloned and sequenced a second genomic 
Frat locus corresponding to I.M.A.G.E. cDNA 
clone 406672 from the Soares 13.5-14.5 dpc 
mouse embryo cDNA library (Lennon et al., 
1996), we employed RT-PCR to confirm that the 
observed transcripts in Fratl'l' tissues 
originated from this second Frat locus (see 
Experimental Procedures). Two distinct 
transcription initiation sites were mapped using 
RNase protection, of which the most 5' site 
corresponds with position 1 of the sequence in 
Figure 4 (data not shown). We decided to name 
the second mouse Frat gene Frat3, to underscore 
the limited homology between this gene and the 
partially cloned human FRAT2 gene, which has a 
number of in frame deletions in the coding 
region, compared to Fratl, Frat3, and FRAT1 
(Yost et al., 1998). Whereas the amino acid 
identity between the cloned portion of FRAT2 
and FRAT1, Fratl or Frat3 is 66%, 62% or 60%, 
respectively, the amino acid identity between 
FratlandFrat3is81%. 
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cgctgtccctgcccggaggtcccagcttccgcqtcccagacttggcctccacccagcctgggcctccgccccgctcccttcccagacgcgtcccgccgag 

cccgcggtcaaccgagccgccaqtgacgcccgcacagccacggggacccgggcggggggagcc ATGccgtgccggagggaagaggaagccqgcgacgagg 

gacgctgcagctggacgccaggcacgatggcccggcctcgccatgtgctgccccgggccccccgcccgcgcccccgcgggtcctggccgcgctgccggcg 
T L Q L D A R H D G P A S P C A A P G P P P A P P R V L A A L P A 

gacaaggccggggccccagcgaggcggctgctacggagagcagcatLcagcggaggccggggaccctgcgcccccgggggctgtgcgctgcgtgctggggg 

G01 ggggatgggcaaagtaagcatcccgcagccactgtccggccggtgccggcggggttggctccggaacgcagccgcgtcccgccgccagcaacagcgacgc 

G M G K V S I P Q P L S G R C R R G W L R N A A A S R R Q Q Q R R 

701 ggatctcagtcggagacccgcacgagtgacggcgacccgccccgactcctgcagcagctccttctttcgggaaacctcatcaaggaggcggtgcggagac 

G S Q S E T R T S D G D P P R L L Q Q L L L S G N L I K E A V R R L 

801 ttcattcgcgagggctacagctacaggcaaagcttcccgctcactcgttcctcgggcctttgtcagccccggtgcatgagccgcccttgcccgggagccc 

H S R G L Q L Q A K L P A H S F L G P L S A P V H E F P L P C S P 

901 ccgtgcagcctgcagcgaccccggcgattgtgatggagggcacagctcagaactagggacgaccttcttgtccctggcagctaataaccccggtggccac 

R A A C S D P G D C D G G H S S E L G T T F L S L A A N N P G G H 

1001 agcaccaacctgTAGcaqggqaccaagggattcacccaggacttcacccaqctggggctcqtagaqgaaaataagctaaggaagacagccgaaatatcgc 

S T N L * 

1101 aaatATTTccatgagttgagaqacccaaactgtttgaaacccacgagttaggtttgtttCaaaacattatatagqtagaqcgcaccgcaggctqtcagca 

1201 ggacttcttttttttttttttttttttttttttttggcataatccaacctggtcgctacaattccgcgcagactctccgggccaagcaggcaccacgtgg 

1301 ccacggttcatgctctcagaatcgactcagccagctatggaacgaaggacaatgatccccgttacttgctgtactttccaggactggttcctgatccact 

1401 ttgggggaggaggaaacaggaatggacataATTTcggggagcgccccgaaatgccacacttgaacATTTtatgaeagttaaaagaccatctcatcttttg 

1501 cgqtgccggttccaatgtaaaacatqaqqtaccacgagaggacctcttggggctgaacagaagtaaccqtt ATTTgtctgtcccctcttttttcaaaggg 

1601 ttgctgtCagcagagtgttgaaagaaagctgtatcccatqagtgtagggcgggaggcagcagtgagcagtgctgggtqaCgqaaqggcatqgcqaaqcac 

1701 cgagtgaaccctcctgcctttgtaaagtgtgtttECaaaggacacccattcctctttgggttcaaggtcagtttcctqgqCqtgttccgtgtaqCgqgac 

1801 ttcagcacagacactaaccgaattgccttgctqaqggatgagcacactgctctgcaaatgctggagtccttitaagqgctctcctigccatctctgggaggg 

1901 ggtggggtggctggtattgagtgtctgtgcttctggcccgaggccccctccccttccactccttccagcttccagacaaactgcctggagacagCgactg 

2001 cattccaccttttcccccttgtttctgctgctctactcaagtggggtgacgctgctgatgctaggggcccggatagggggctggggaggcttctcataat 

2101 gggcactccagggacacagtctcacacaaccgtgtataatgagctctaggggccggctctgcggggaacagctgcagttctctggatagacagagttg AT 

2201 TTcctccttctgaccctcccccagctgtgecagctggcctttgtaagggaaggaaacctagtaaaaaatgtgaccttccaaaggggaaagctgcaggctt 

2301 tttgctattgtgactgtgaagtgcttcgaaatactgttcactctgagcaaccgttttcgttttagttttatggagttaatggcttgttcagcatccagat 

2401 qtgqctattgacaatatctactcttcgcaccagagtgactgqagttgtggctgtcctgatgataggATTTtaacttaactgaaataactgtttttgaata 

2501 aatgtattggttttttttccagaaaaaaaaaaqaatgaqaaqcccaaaagtataaaccaggacattccgtat ATTTtttacgagtctagtgaatgtatac 

2601 gaaaataaatgagacatqcgttcttagtgtgacaattat 
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14 9 GKVSIPQPLSGRCRRGWLRNAAASRPOQQRRGSQSETRTSDGDPP.RLLQ 
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199 QLVLSGNLIKEAVRRLHSRQLOLHAKLPAHPFLGPLSAPVHEPPSPGSPR 

198 QLLLSGNLIKEAVRRLHSRGLQLQAKLPAHSFLGPLSAPVHEPPLPGSPR 

249 AACSDPGAFMGRAQLRTGDDLLVPGS 274 
I I I M I I I I : I : 

240 AACSDPGDCDGGHSSELGTTFLSLAANNPGGHSTNL 283 

19.7 — 

Figure 4 (A) Mouse Frail cDNA and encoded polypeptide sequence. In the 3' UTR, AT degradation motifs are in uppercase 
and the two polyadenylation site consensus sequences are underlined. Two disitinct transcription initiation sites have been 
identified and mapped approximately. They are located near position I and position 50, respectively, of the depicted sequence. 
(B) Amino acid sequence alignment of mouse Fratl (top) and Frat3 (bottom). Alignment was performed with the GCG program 
GAP (Devereux et al., 1984). Identical residues are indicated by vertical lines, well conserved replacements that score better 
than 0.5 in the PAM-250 matrix by colons, and replacements scoring better than 0.1 by dots. (C) In vitro transcription and 
translation of mycFratl and mycFrat3 cDNA. T7 produced RNA was translated in vitro in the presence of [35s] methionine 
and cysteine. Proteins were separated on a 12% SDS-polyacrylamide gel and exposed to X-ray film after DMSO-PPO treatment. 
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The sequence of Frati reveals a structure 
very similar to Fratl (Figure 4A). Both genes 
are intronless, GC-rich, and contain a long 3' 
UTR with multiple copies of the mRNA 
destabilizing ATTT motif (Shaw and Kamen, 
1986). The high degree of homology between 
Fratl and Frati is also found at the nucleotide 
level. Similar percentages of sequence identity 
are found in the coding and non-coding regions, 
and the overall level of nucleotide identity 
between Fratl and Frati is 88%, suggesting that 
Fratl and Frati derive from a common ancestor 
gene through a relatively recent gene duplication 
event. Southern blot analysis of interspecies 
backcross hybrids with a 215 nt. Aflll probe, 
specific for the Frati locus, showed that Frati 
maps to chromosome 7 in a region of human 
15qll.2-ql2 homology (N.Copeland and 
N.Jenkins, personal communication). This 
chromosomal location is clearly different from 
Fratl, which maps to chromosome 19 (Jonkers 
et al., 1997). 

The polypeptide encoded by Frati consists 
of 283 amino acid residues, and has a predicted 
Mr of 29.5 kD. The Frat3 protein is slightly 
longer than Fratl due to a C-terminal frame-shift 
mutation (Figure 4B). Since in vitro transcription 
and translation of native Fratl or Frati cDNA 
proved to be very inefficient, myc-tagged cDNA 
clones of Fratl and Frati were used for in vitro 
transcription and translation in rabbit 
reticulocyte lysate (Figure 4C). The presence of 
multiple Frat3 translation products might be due 
to initiation at an internal AUG present in 
between the myc-tag and the Frati coding 
sequences, or alternatively to initiation at the 
Frati AUG. In vitro translated Fratl and Frat3 
migrate considerably slower on SDS-PAGE than 
marker proteins with a comparable Mr, probably 
because both proteins contain a number of 
positively charged residues (Fratl: 33/274, 
Frat3: 30/283). 

Fratl and Frati have similar biological 
activities 

To explore whether the protein encoded by 
Frati is functional, we made use of the recently 
published observation that both a Xenopus Frat 
homologue, named GBP, and human FRAT2 
can induce ectopic axis formation in Xenopus 
embryos when expressed in the ventral 
blastomeres at the 2-16 cell stage (Yost et al., 

1998). For this purpose, full length Fratl and 
Frati cDNAs were cloned in frame with a myc-
tag into the pGlomyc3 vector, which contains a 
phage T7 promoter as well as 5' and 3' globm 
UTRs to enhance mRNA stability in vivo. 
Capped mRNA synthesized in vitro from these 
constructs was injected subequatonally into one 
of the ventral blastomeres of 4 cell stage 
Xenopus embryos. Injection of 3 ng of Fratl or 
Frati RNA resulted in the development of 
embryos with split body axes, indicating 
duplication of anterior dorsal structures (Figure 
5). Secondary axis formation was observed both 
in embryos injected with Fratl RNA, and in 

Table 1. Secondary axis induction by Fratl and Frat3 

Ventral 
injections 

Developed embryos 

n 

2° axis 

n (%) 

No 2° axis 

n (%) 

1 ng Fratl 49 8(16) 41 (84) 

3 ng Fratl 38 13(34) 25 (66) 

1 ng Frat3 35 0(0) 35(100) 

3 ng Frat3 33 6(18) 27 (82) 

Uninjected 35 0(0) 35(100) 

Embryos were injected at the 4 cell stage in one ventral 
blastomere and screened for secondary axis induction at 
early tailbud stages. Numbers include complete and partial 
secondary axes 

Figure 5 Fratl and Frat3 induce secondary axis formation 
in Xenopus embryos. One ventral blastomere of 4 cell stage 
embryos was injected sub-equatorially with 3 ng of Fratl 
or Frati RNA, and embryos were allowed to develop for 3 
days. Representative control (left) and ventrally injected 
(right) stage-40 sibling embryos are shown. 

75 



Chapter 4 

embryos injected with Frati RNA, indicating 
that both Fratl and Frat3 can promote axis 
duplication, presumably through inhibition of 
Xgsk-3 (Table I). 

Fratl was originally identified as a common 
site of proviral integrations in transplanted T cell 
lymphomas from M-MuLV infected H2-K-Myc 
or E\i-Piml transgenic mice (Jonkers et al., 
1997). To determine whether proviral activation 
of Frat3 instead of Fratl had occurred in some 
of these advanced lymphomas, Southern blot 
analysis of a series of 25 primary and 47 
transplanted lymphomas from M-MuLV 
infected H2-K-Afyc mice was performed using 
the Frati specific Aflil probe. In none of these 
tumors proviral integrations were detected in the 
25 kb EcoKV restriction fragment recognized by 
this probe (data not shown). 

Fratl and Frati show overlapping expression 
patterns daring embryogenesis 

To investigate the possibility of functional 
redundancy between Fratl and Frati in mice, 
we asked whether overlap in Frat family gene 
expression exists during mouse embryogenesis. 
To this end, we performed in situ hybridization 
of El 1.5 wild type and homozygous Fratl'ac^ 
null mutant embryos with a Frati antisense 
ORF-probe. As expected, we observed cross-
hybridization of this probe with Fratl transcripts 
due to the high degree of nucleotide identity 
between Fratl and Frati, and the high GC-
content of the probe. Comparison of the Frati in 
situ hybridization pattern with the LacZ staining 
pattern of homozygous Fratl'ac^ null mutant 
embryos allowed us to determine expression 
patterns of Frati and Fratl, respectively (Figure 
6). Although whole mount RNA in situ 
hybridization and LacZ staining do not permit 
analysis at the cellular level, our results showed 
overlapping expression patterns of Fratl and 
Frati in several tissues, including spinal ganglia, 
eye, telencephalon and branchial arches (Figure 
6B and 6C). Embryonic Fratl expression in 
spinal ganglia and eye was confirmed by LacZ 
staining of cryosections from E17.5 FratUac^l+ 
embryos (Figure 2G and 21). 

Discussion 

The possibility to produce mice with alterations 
to specific endogenous genes by gene targeting 

in embryonic stem cells has become an 
important approach to analyze the function of 
individual genes in a mammalian organism. An 
unexpected outcome of several knockout studies 
involved the more or less complete absence of 
pathology in the resulting mice (Shastry, 1998; 
Shastry, 1994). Our analysis of Fratl null 
mutant mice showed comparable results. 
Homozygous Fratl^ac^ null mutant mice are 
viable and fertile and thrive well into adulthood. 
On the gross morphological level, tissues of 
neuronal and epithelial origin were not affected 
by the loss of Fratl, although these tissues show 
Fratl expression in Fratl'ac^ heterozygotes as 
revealed by LacZ staining. Similarly, no 
perturbations of the hematopoietic system were 
detected, despite high ß-galactosidase activity in 
CD4+ thymocytes. The embryonic expression 
pattern of Fratl is particularly intriguing in view 
of the recent implication of FRAT/GBP family 
members in Wnt signaling (Yost et al., 1998). 
Several components of the Wnt pathway show 
distinct expression patterns in neuronal and/or 
epithelial tissues of the developing mouse 
embryo. These include most of the ligand-
encoding Wnt genes (Parr and McMahon, 1994), 
the Frzb gene family members Frzbl, Sfrpl 
(Hoang et al., 1998) and Mfiz (Mayr et al., 
1997), all three known mouse dishevelled (Dvl) 
genes (Tsang et al, 1996; Klingensmith et al., 
1996; Sussman et al., 1994), the Axin-encodmg 
Fused gene (Zeng et al., 1997), the genes 
encoding Ape (Senda et al, 1998) and ß-catenin 
(Butz and Larue, 1995), and the HMG 
transcription factor genes Lefl and Tcf4 
(Korinek et al., 1998; Oosterwegel et al., 1993). 

The phenomenon of apparent dispensability 
of genes in the mouse germ line has been 
rationalized previously by assuming functional 
overlap among mammalian genes, and this 
notion has been supported in certain cases by the 
generation of double knockout mice (Shastry, 
1998). Our results indicate that a similar 
mechanism might underlie the lack of notable 
pathophysiological consequences of Fratl 
inactivation. Northern blot analysis and RT-PCR 
utilizing poly(A)-selected RNA from 
homozygous Fratl'ac^ null mutant mice has led 
to the discovery of a closely related gene, Frati. 
The genomic structure of Frat3 is highly similar 
to Fratl, considering that both genes are 
comprised of one exon with a relatively short 5' 
UTR, a single open reading frame, and a long 3' 
UTR containing multiple copies of the mRNA 
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Figure 6 Overlapping expression of Fratl and Frati in El 1.5 embryos. (A, B, D) Whole mount RNA in situ hybridization of 
El 1.5 embryos. Prior to hybridization the embryos were cleaved mid-sagitally, resulting in loss of most encephalic structures 
with the exception of telencephalon. (A) Hybridization of a wild type embryo with a Frati antisense probe revealed Frat 
expression in telencephalon, spinal cord, spinal ganglia, eye, branchial arches and limb buds. (B) Hybridization of a FratllacZ 

null mutant embryo with a Fraß antisense probe showed highest Frati expression in telencephalon spinal ganglia, eye, and 
branchial arches . (C) El 1.5 Fratl^acZ null mutant embryo showing LacZ staining in all encephalic structures, spinal cord, 
spinal ganglia, eye, branchial arches and limb buds. (D) Hybridization of a wild type embryo with a Frati sense probe. 

destabilizing ATTT motif. The proteins encoded 
by Fratl and Frati are highly similar: 81% of 
the residues are identical. The amino acid 
similarity extends well beyond the previously 
defined conserved domains I-III (Yost et al., 
1998), and suggests functional similarity. This 
was confirmed by analysis of Fratl and Frat3 
activity in Xenopus laevis. Both proteins are 
capable of inducing a second body axis when 
misexpressed in early Xenopus embryos. In 
contrast to Fratl however, Frat3 was not found 
to be activated by proviral integrations in 
progressed M-MuLV-induced T cell 
lymphomas. This might reflect a difference in 
the oncogenic capacity of Fratl and Frat3 in 

lymphomagenesis, or alternatively indicate that 
the Fratl locus is the preferred target for 
proviral integrations. The latter possibility 
implies that employing a proviral tagging and 
lymphoma transplantation protocol in Fratl null 
•mutant mice might result in proviral activation 
oîFrati. 

If complementary activity of Frat3 is the 
cause of the apparent dispensability of Fratl in 
embryonic and postnatal development, the 
expression patterns of both genes should at least 
partly overlap. Our data indicate that this is 
indeed the case. Comparison of the LacZ 
staining pattern with the Frati expression 
pattern as determined by RNA in situ 
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hybridization in homozygous Fratl^ac^ null 
mutant El 1.5 embryos, showed overlapping 
expression of Fratl and Fratl in several tissues, 
most notably in spinal ganglia, telencephalon 
and eye. Interestingly, a similar extensive 
overlap in embryonic expression patterns has 
been observed for the three known mouse 
homologues of Dishevelled, a cytoplasmic 
component of the Wnt pathway which, 
analogous to Frat and GBP, functions upstream 
of GSK-3 (Tsang et al., 1996; Klingensmith et 
al., 1996; Sussman et al., 1994). Since mice that 
are deficient for the Dishevelled homologue 
Dvll display a surprisingly subtle phenotype, 
namely reduced social interaction characterized 
by lack of whisker-trimming and abnormal 
nesting, also here functional redundancy has 
been suggested (Lijam et al., 1997). Such a 
functional overlap has recently been 
demonstrated for two members of the LEF-
1/TCF family of transcription factors that 
interact with ß-catenin to form an active bipartite 
transcription factor (Galceran et al., 1999). 
While no WntAike phenotype has been observed 
in mice deficient for either Lefl or Tcfl (van 
Genderen et al., 1994; Verbeek et al., 1995), null 
mutations in both Lefl and Tcfl, which are 
expressed in an overlapping pattern in the early 
mouse embryo, result in a Wnt3a'^'-\ike 
phenotype, namely impaired differentiation of 
paraxial mesoderm manifested by the formation 
of additional neural tubes (Galceran et al., 1999). 

In summary, we have cloned a novel mouse 
Frat gene family member, named Frat3, which 
is expressed in Fratl -deficient mice. Fratl and 
Fraß encode highly similar proteins that exert 
similar activities when misexpressed in early 
Xenopus embryos. The products of both genes 
may therefore fulfill overlapping functions 
which, together with the overlap in expression 
pattern, could enable Frat3 to compensate for the 
absence of Fratl. To gain more insight into the 
critical function of these genes, it will therefore 
be of interest to generate Fratl''' Frat3''~ 
double-mutant mice. 

Experimental Procedures 

Disruption of Fratl in mouse ES cells and generation 
of Frat I-deficient mice 

To construct the targeting vector, a 15 kb Kpn\ 
fragment from a 129/SV cosmid clone, encompassing 
the complete Fratl gene, was subcloned in the pSP72 

vector (Promega Biotec). Subsequently a 660-bp Srfl-
Nrul fragment of Fratl was replaced by a 5.2-kb 
fragment containing a promoter-less ß-galactosidase 
reporter gene supplemented with SV40 poly-
adenylation sequences, and the PGK-Hyg cassette (te 
Riele et al., 1990), destroying the Sifl and Nrul sites, 
but introducing EcoRV sites. The Fratl -homologous 
region (129/SV derived DNA) extends 9.7 kb to the 
left of the lacZ-FGK-Hyg cassette, and 4.7 kb to the 
right. Cloning procedures were performed according 
to (Sambrook et al., 1989). The targeting construct 
was separated from vector sequences by gel 
electrophoresis, purified by electroelution, and 
introduced into 129/OLA-derived ES cell line E14 by 
electroporation as described previously (te Riele et al., 
1992). Cells were reseeded on gelatin-coated 10 cm 
tissue culture dishes (1 x 107 cells per dish), and 
cultured in BRL conditioned medium as described 
(Smith and Hooper, 1987). Drug selection (150 
mg/ml Hygromycin B) was started after 24 hours, and 
after 10 days resistant colonies were randomly picked 
and expanded on mouse embryonic fibroblast feeder 
layers. Clones were grown to confluence in 1 well of a 
12-well dish; thereafter one-third of the cells were 
frozen in 10% DMSO in liquid nitrogen while the 
remainder of the cells was used to isolate genomic 
DNA. Southern blots containing £coRV-digested 
DNA were hybridized with a 5' external probe and a 
3' internal probe, respectively (Figure 1A). Out of 150 
Hygromycin B-resistant colonies, 18 cell lines were 
obtained which showed bands diagnostic for correct 
integration of the lacZ reporter gene and the Hyg 
marker. Two of these cell lines, n° 13 and 18, were 
karyotyped and used for injections into blastocysts. 
Chimeric mice were obtained by injecting 10-15 
pmtjlacZ/+ E s cells into C57BL/6 blastocysts. Male 
chimeras were crossed with wild type 129/OLA and 
FVB mice and found to transmit the mutated 
Fratl'acZ allele through the germ line. Homozygous 
Fratl'acZ mutant mice were obtained by intercrossing 
Fl heterozygotes. 

DNA and RNA analysis 

High molecular weight DNA was isolated from 
mouse tissues as described previously (van der Putten 
et al., 1979). Southern analysis was performed with 
10 mg of genomic DNA, digested with the 
appropriate restriction enzymes. Genotyping was 
performed by Southern blot analysis of tail-tip DNA, 
according to (Laird et al., 1991). Total RNA from 
different tissues was isolated according to 
(Chomczynski and Sacchi, 1987). Poly(A)* RNA was 
isolated from total RNA by using a biotinylated 
oligo(dT) probe in conjunction with streptavidin-
coated paramagnetic particles (Promega Biotec). For 
Northern analysis, 5 mg of poly(A)-selected RNA was 
used. Blotting and hybridization procedures were as 
described (Sambrook et al., 1989). 

DNA probes 

Probes used to distinguish between wild type and 
targeted Fratl alleles included P5', an end-clone from 
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the original Fratl cosmid (450 bp Sphl fragment), and 
the previously described P6 probe (Jonkers et al., 
1997). The Fratl probe used for Northern analysis 
was a 660 bp Srfl-Nrul coding domain fragment, 
corresponding to the region which has been deleted in 
the FratIlacZ null allele. The hamster ß-actin probe 
has been described previously (Dodemont et al., 
1982). The 215 nt. Aflll probe, specific for the Fraß 
locus, was derived from the 6 kb genomic EcoKl 
fragment encompassing the complete Fratl gene, and 
is located 3' of Fratl. The sequence of the Aflll probe 
is identical to three mouse ESTs from Soares mouse 
lymph node NbMLN cDNA clone 653004 (Lennon et 
al., 1996), suggesting the presence of a gene 
immediately downstream of Fratl. 

Flow cytometric analysis 

Upon euthanasia, thymi and spleens were dissected 
and single cell suspensions were prepared by mincing 
the tissues through a nylon mesh. Bone marrow cells 
were flushed from femurs and tibiae. Single cells were 
kept at 4°C in PBA (phosphate-buffered saline with 
1% BSA and 0.1% sodium azide). Approximately 106 

cells were incubated in 20 ml PBA and saturating 
amounts of monoclonal antibody, in 96-well plates. 
After 30 minutes incubation at 4°C, the cells were 
washed twice with PBA and incubated with 
streptavidin-phycoerythrin for biotinylated antibodies, 
or with PBA. The following antibodies were used: 
anti-CD3g (clone 145-2C11), anti-CD4 (clone RM4-
5), anti-CD8 (clone 53-6.7), anti-CD24 (HSA, clone 
Ml/69), anti-CD43 (clone S7), anti-CD45R (B220, 
clone 6B2), and anti-TCRß (clone H57-597), all from 
Pharmingen (San Diego, CA), and anti-slg (goat anti-
mouse immunoglobulin from Tago, Burlmgame, CA). 

For triple color FACS analysis, intracellular ß-
galactosidase activity was measured by flow 
cytometry using the fluorogenic substrate fluorescein-
di-beta-D-galactopyranoside (FDG; Molecular 
Probes), as described by (Berger et al, 1994). Briefly, 
ÎO6 cells were incubated with a hypotonic solution 
containing 1 mM FDG for 50 seconds at 37°C. Excess 
RPMI was added to restore iso-osmotic conditions, 
and the enzymatic reaction was allowed to proceed on 
ice for 2 hours. During this period, the cells were 
incubated with combinations of biotinylated and 
phycoerythrin-Iabeled monoclonal antibodies as 
described above. Biotin reagents were revealed by 
cychrome-streptavidin. 

Histological analysis 

Tissues were isolated from mice and directly fixed in 
Harrisson's fixative (4% v/v formol, 40% v/v ethanol, 
0.43% w/v NaCl and 5% v/v acetic acid) for at least 
24 hours. Fixed tissues were dehydrated, embedded in 
Histowax, cut at 5 urn sections and stained with 
hematoxylin and eosin stain. For LacZ staining, whole 
embryos were fixed in 1% formaldehyde, 0.2% 
glutaraldehyde, and 0.02% NP-40 in phosphate-
buffered saline (PBS) for at least 30 min at 4°C, 
followed by two washes with PBS at room 
temperature. Staining was carried out overnight at 

37°C in PBS containing 1 mg/ml X-gal, 5 mM 
K^FefCN),,, 5 mM K4Fe(CN)6, 2 mM MgCl2, and 
0.02% NP-40. Stained embryos were then washed 
twice with PBS and post-fixed overnight with 4% 
paraformaldehyde at 4°C. Frozen sections were 
stained for ß-galactosidase activity according to 
(Hoganetal, 1994). 

In situ hybridizations of whole mount embryos 
were performed with digoxigenin (DIG)-labeled RNA 
probes, as described elsewhere (Wilkinson, 1992), 
with the following modifications: the pre-absorption 
of the antibody with embryo powder was performed 
for at least 4 hours instead of 1 hour; and in addition 
to the five 1-hour post-antibody washes three 
additional 24-hour wash steps were performed. The 
Fratl DIG-labeled antisense and sense RNA probes 
were transcribed by T7 and T3 RNA polymerase, 
respectively, from a 744 bp Mlul-Hindlll Fratl 
cDNA fragment cloned in pBluescnpt SK-. 

Cloning of Fratl 

The Frat3 locus was cloned from a size-selected 
library of £coRI-digested mouse DNA. A A.ZAPII 
phage clone, containing a 6 kb EcoRl fragment that 
cross-hybridized with the Fratl probe 0.45ftr 
(Jonkers et al, 1997), was isolated and used to 
generate various subclones for sequencing. 
Sequencing of Fratl genomic clones was performed 
on both double-stranded templates and Ml3 single-
stranded templates, using a Pharmacia T7 sequencing 
kit. 

For RT-PCR, polyA+ RNA was isolated from 
Fratl'- spleen and used for synthesis of first strand 
cDNA using SuperScript II RNase reverse 
transcriptase (GibcoBRL) and a (dT),5 primer or a 
Fratl specific RT primer (5'-
TGGAAGGTCACATTTTTTACTAGG-3'). Fratl 
cDNA products were amplified with Taq DNA 
polymerase using a nested PCR strategy. Both PCR 
reactions comprised 30 cycles of 1 min 94°C, 1 min 
55°C and 2 min 72°C. For the first reaction, primers 
FWD (5'-CGAGACGCTGCAGCTGGACGC-3') and 
REVB (5'-AACTCTGTCTATCCAGAGAACTGC-
3') were used. For the second reaction, primers 
FWDG (5'-CGGCGCCCTACTGTGTGG-3') and 
REVC (5,-CTGCAGCTGTTCCCCGCAGAGC-3,) 
were used. PCR products were cloned into pCR2.1 
(Invitrogen) and sequenced. 

RNase protection for mapping of the approximate 
Fraß transcription start site was performed using a 
commercially available in vitro transcription and RPA 
system (Pharmingen, San Diego, CA) according to the 
manufacturer's instructions. A 397 bp genomic 
EcoRl-Pstl fragment containing 5' Fratl sequences 
and part of the Fratl promoter region was used for the 
generation of a radiolabeled antisense RNA probe. 
This probe was allowed to hybridize with total RNA 
from Fratl' testis and thymus. Upon RNase digestion 
of single stranded RNA, and separation of the 
products on a Polyacrylamide gel, two protected 
fragments of approximately 190 nt and 240 nt were 
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detected, indicating two distinct transcription 
initiation sites. 

In vitro transcription and translation 

The Myc-Fratl and Myc-Frat3 fusions were cloned 
downstream of the Myc tag in pGlomyc3, a 
modified pCDNA3.1 vector containing 5' and 3' 
globin UTRs. RNA for Xenopus injections was 
synthesized from the pGlomyc3 derived vectors, 
linearized with Xbal, using the T7 mMESSAGE 
mMACHINE kit (Ambion) according to the 
manufacturer's instructions. Coupled in vitro 
transcription and translation of the same vectors was 
performed in rabbit reticulocyte lysates using the TnT 
system (Promega) with T7 RNA polymerase, and 
[35S}-methionine and cysteine, according to the 
manufacturer's instructions. One tenth of each reaction 
was heated in SDS sample buffer and separated on a 
SDS/12% Polyacrylamide gel. 

Database accession numbers 

The GenBank accession number for the sequence 
reported in this paper is AF148857. 
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Glycogen synthase kinase-3 (GSK-3) is a key 
member of the intracellular Wnt signaling 
pathway to regulate ß-catenin turnover. 
Recent evidence indicates that in early 
Xenopus embryos GSK-3 kinase activity is 
inhibited upon association with members of 
the FRAT/GBP family, leading to activation 
of the maternal Wnt pathway required for 
axis formation in Xenopus laevis. We have 
investigated whether the protein encoded by 
Fratl, a gene originally identified as a proto-
oncogene involved in progression of mouse T 
cell lymphomas, also has the capacity to 
function as a Wnt signaling component. Like 
GBP and FRAT2, Fratl induced secondary 
axis formation when misexpressed in early 
Xenopus embryos. Fratl interacted directly 
with GSK-3 ß in vitro. Binding of Fratl to 
GSK-3ß in vivo was observed upon transient 
overexpression in COS-7 cells, and the 
Fratl-bound GSK-3ß was able to 
phosphorylate Fratl in vitro. Furthermore, 
association of endogenous Fratl and GSK-
3ß could be demonstrated both in splenic T 
cell lymphomas and normal thymus, but not 
in normal spleen. Together, these data 
provide further evidence for the notion that 
the GBP and Frat genes constitute a family 
of GSK-3 inhibitory proteins. 

Key words: Frat; proto-oncogenes; signal 
transduction; Wnt; Xenopus laevis 

Introduction 

The Wg/Wnt signal transduction pathway, first 
described in Drosophila, is a highly conserved 
developmental pathway involved in cell fate 

determination in virtually all eukaryotic 
organisms (Cadigan and Nusse, 1997; Dale, 
1998). In vertebrates, the Wnt signaling 
pathway consists of an intracellular cascade 
that includes Frizzled, Dishevelled (Dsh), 
Glycogen Synthase Kinase-3 (GSK-3), and ß-
catenin. The Wnts are a family of cysteine-rich 
glycosylated ligands that bind to the 
extracellular domain of the Frizzled family of 
serpentine receptors (Bhanot et al., 1996; 
Orsulic and Peifer, 1996). As the intracellular 
domains of Frizzled receptors have no 
enzymatic domains, the Wnt signal is probably 
transmitted by the recruitment or release of 
intracellular signaling molecules, such as 
heterotrimeric G-proteins and/or members of 
the Dishevelled family. The archetype of this 
family, Dsh, was identified in Drosophila and 
subsequently shown to act downstream of 
Frizzled (Klingensmith et al., 1994; Siegfried et 
al., 1994; Theisen et al., 1994). The Wnt signal 
is somehow further transduced from 
Dishevelled to GSK-3, a constitutively active 
protein serine/threonine kinase that antagonizes 
downstream elements of the Wnt pathway via 
changes in the levels of free cytoplasmic ß-
catemn (Siegfried et al.. 1992; He et al., 1995; 
Yost et al., 1996). Through mactivation of 
GSK-3 kinase activity, the Wnt signal leads to 
a decrease in the phosphorylation of ß-catemn 
and a concomitant increase in its stability, and 
ultimately to translocation of ß-catenin to the 
nucleus. This translocation involves the 
association of ß-catenin with the transcriptional 
enhancers of the lymphocyte enhancer binding 
factor/T cell factor (LEF/TCF) family, to form 
an active bipartite transcriptional enhancer 
(Behrens et al.. 1996; Molenaar et al., 1996). It 
has been established that levels of free 
cytoplasmic ß-catenin are regulated through 
GSK-3 mediated phosphorylation and 

85 



Chapter 5 

Table 1. Axisdi [plication by Fratl 

Experiment Ventral injections Complete 2° axis Partial 20 axis No 20 axis 

n (%) n (%) n (%) 

1 3ngFratl-(l-274) 4(8) 7(15) 37(77) 

1 ng Fratl-(28-274) 32 (23) 23(17) 83 (60) 

Uninjected 0(0) 0(0) 65(100) 

2 0.5ngFratl-(l-274) 8(36) 0(0) 14(64) 

2 ng Fratl-(1-274) 12(24) 3(6) 34 (69) 

3 ng Fratl-(1-274) 5 (19) 4(16) 17(65) 

0.25 ng Fratl-(129-274) 18(39) 0(0) 28(61) 

0.5 ng Fratl-(129-274) 27(51) 1(2) 25 (47) 

1 ng Fratl-(129-274) 34 (67) 3(6) 14(27) 

Uninjected 0(0) 0(0) 46(100) 

4 cell stage Xenopus embryos were injected in a single ventral blastomerc and tadpoles with secondary body axes were scored at 
early tailbud stages. Only secondary axes with a distinct cement gland were scored as complete. 

subsequent degradation of ß-catemn by the 
ubiquitination-proteasome pathway (Yost et al., 
1996; Aberle et al., 1997). It appears therefore 
that GSK-3 is a key member of the intracellular 
Wnt pathway to regulate ß-catenin turnover, 
and that the phosphorylation of ß-catenin by 
GSK-3 is essential for this process. 

Over the past few years, several proteins 
have been shown to modulate levels of free 
cytoplasmic ß-catemn through influencing 
GSK-3-dependent phosphorylation of ß-
catenin. These include the APC tumor 
suppressor protein (Polakis, 1997), the mouse 
Fused gene product Axm (Zeng et al., 1997), 
the Axin homologues Axil and conductin 
(Behrens et al., 1998; Yamamoto et al, 1998), 
and members of the FRAT/GBP family of 
GSK-3 binding proteins (Yost et al., 1998; 
Sumoy et al., 1999). APC was shown to act as a 
negative regulator of ß-catenin m colon cancer 
cells through binding to ß-catenin and 
promoting its degradation (Rubinfeld et al., 
1993; Munemitsu et al., 1995). Furthermore, 
complexes containing APC and ß-catenin bind 
to GSK-3, and GSK-3 can phosphorylate APC 
and thus promote binding of APC to ß-catenin 
(Rubinfeld et al., 1996). It has therefore been 
suggested that in colonic epithelium, APC may 
function as a molecular scaffold, coordinating 
the actions of GSK-3 and ß-catenin, or 
alternatively act as a ubiquitination co-factor 
for the targeted degradation of ß-catemn (Dale, 

1998). Axin family members were found to 
bind directly and simultaneously to APC, GSK-
3 and ß-catenin (Zeng et al., 1997; Behrens et 
al., 1998; Hart et al., 1998; Yamamoto et al„ 
1998). The phosphorylation of ß-catenin and 
APC by GSK-3 is strongly promoted by Axin, 
suggesting that also Axin may act as a scaffold 
upon which APC, ß-catenin and GSK-3 ß 
assemble to coordinate the regulation of ß-
catemn signaling (Hart et al., 1998). Thus far 
three members of the FRAT/GBP family, 
namely Xenopus laevis GBP, Danio rerio GBP 
and human FRAT2, have been shown to 
stabilize ß-catemn levels activity in Xenopus or 
zebrafish embryos through association with 
GSK-3 and inhibition of its kinase activity 
(Yost et al., 1998; Sumoy et al., 1999). It was 
furthermore demonstrated that in Xenopus 
embryos, maternal GBP RNA is essential for 
formation of the dorso-ventral axis, since 
oocytes that were devoid of GBP mRNA, 
showed a ventralized phenotype (Yost et al., 
1998). Also in zebrafish, GBP was found to be 
involved in specification of the dorso-ventral 
axis during early development, indicating that 
components upstream of ß-catenin are 
conserved between amphibians and teleosts 
(Sumoy et al., 1999). 

The founding member of the FRAT/GBP 
gene family, named Fratl (for frequently 
rearranged in advanced T lymphomas), was 
originally isolated in an insertional mutagenesis 
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screen designed to identify cooperating 
oncogenes responsible for accelerating late-
stage lymphoma development in oncogene-
bearmg transgenic mice (Jonkers et al., 1997). 
Although both transgenic and knockout mouse 
models have been generated for Frail, no clues 
concerning the functional role of its protein 
product have been obtained to date (Jonkers et 
al., 1999; Jonkers et al., 1999). The finding that 
a C-terminal fragment of human FRAT2 can 
also bind to Xgsk-3 in vivo and induce axis 
duplication when expressed in the ventral 
blastomeres of early Xenopus embryos, 
suggests that the capacity to function as a Wnt 
signaling component may be a shared feature of 
FRAT/GBP family members (Yost et al., 
1998). To further test this possibility, we have 
investigated Wnt signaling activity of mouse 
Fratl in Xenopus embryos, and studied its 
interaction with GSK-3ß in vitro and in vivo. 

Results 

Fratl causes axis duplication in Xenopus 
embryos 

To explore whether Fratl has similar activities 
to GBP and C-terminal FRAT2 in the maternal 
Wnt pathway in Xenopus laevis, RNA encoding 
full length Myc-Fratl-( 1-274), Myc-Fratl-(28-
274) lacking the N-terminal acidic region 
(Jonkers et al., 1997) or Myc-Fratl-(129-274) 
containing only the conserved domain III 
responsible for the Xgsk-3 binding and axis-
duplicating activity of GBP and FRAT2 (Yost 
et al., 1998), was ectopically expressed in early 
Xenopus embryos. Subequatorial injection of 
Fratl RNA into a ventral blastomere of 4 cell 
stage embryos resulted in the formation of a 
secondary axis. As shown in Table I, Myc-
Fratl-(129-274), containing only conserved 
domain III, displayed the highest activity to 
induce a secondary axis. 

Association ofFratl and GSKSß in vitro 

To examine whether Fratl and GSK-3ß 
associate directly, various deletion mutants of 
Fratl fused to glutathione-S-transferase (GST) 
were purified from Escherichia coli and 
incubated with HA-GSK-3ß produced by in 
vitro translation. GST-Fratl-( 1-274) and GST-
Fratl-( 129-274), but not GST-Fratl-(1-129) or 
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Figure 1 Direct interaction of Fratl with GSK-3ß in 
vitro . Full length GSK-3ß was in vitro transcribed and 
translated using [35s]-methionine and cysteine. Equal 
amounts of the translation product (lane 1) were mixed 
with either purified fusions between Fratl and the 
Glutathione S-transferase (GST) protein (lanes 2-4) or 
GST alone (lane 5), incubated and captured with 
glutathione Sepharose beads. 

GST alone, bound to HA-GSK-3ß (Figure 1). 
Identical results were obtained with a kinase-
dead mutant HA-GSK-3ßK851M l n w h l c n t n e 

ATP binding site is mutated (data not shown). 
These results demonstrate that the C-terminal 
domain of Fratl directly interacts with GSK-
3ß. 

Fratl and GSK-3ß interact in vivo 

To investigate whether Fratl interacts with 
GSK-3ß in intact cells, we co-expressed Fratl 
with GSK-3ß in COS-7 cells. Fratl and GSK
Sß were tagged with Myc and hemagglutinin 1 
(HA) epitopes, respectively, at their N-termini, 
and COS-7 cells were transiently transfected 
with the resulting Myc-Fratl and/or HA-GSK-
3ß expression vectors. To detect Fratl protein, 
we generated rabbit polyclonal antisera against 
Escherichia co/z-produced LacZ-Fratl fusion 
protein. We used the polyclonal rabbit Fratl 
antiserum to perform direct Western blot 
analysis on the COS-7 cell lysates. The top 
panel of Figure 2 shows that the Fratl 
antiserum specifically detects a protein of—41 
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Frat1 
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IP: Fratl 
WB: GSK3 

HA-GSK3 
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Figure 2 Association of Fratl and GSK-3ß in vivo. 
Lysates prepared form COS-7 cells transfected with Myc-
Fratl and/or HA-GSK-3ß were probed with the anti-
GSK-3P and anti-Fratl antibodies (top and middle 
panel). The same lysates were subjected to 
immunoprecipitation with Fratl antiserum, separated by 
SDS/PAGE, and immunoblotted with antibodies to GSK-
3ß (bottom panel). Lysate of COS-7 cells transfected 
with empty vector was used as control (lanes l ). 

IP: GSK3 IP: Fratl 

HA-GSK3 

myc-Frat1 

myc-Frat1 • 

Figure 3 In vitro phosphorylation of Fratl by GSK-3ß. 
HA-GSK-3ß or Myc-Fratl, immunoprecipitated from 
lysates of COS-7 cells transfected with Myc-Fratl and/or 
HA-GSK-3(J, was incubated with MBP and [y32P]-ATP 
for 20 minutes, and subjected to SDS-PAGE followed by 
autoradiography. The arrows indicate the positions of 
Myc-Fratl and MBP. 

kDa in COS-7 cells expressing Myc-Fratl. 
Both HA-GSK-3ß and endogenous GSK-3ß 
were detected by the GSK-3ß specific antibody 
(Figure 2, middle panel). When the lysates of 
COS-7 cells transfected with Myc-Fratl and 

HA-GSK-3ß were immunoprecipitated with the 
Fratl antiserum, HA-GSK-3ß was detected in 
the Myc-Fratl immune complex (Figure 2, 
bottom panel, lane 4). To show that Myc-Fratl 
interacts with endogenous GSK-3ß, the lysates 
of COS-7 cells expressing Myc-Fratl were 
immunoprecipitated with the Fratl antiserum. 
Endogenous GSK-3ß was co-precipitated with 
Myc-Fratl (Figure 2, bottom panel, lane 2). 
Identical results were obtained with COS-7 
cells, transiently transfected with Myc-Fratl-
(129-274) and/or HA-GSK-3ß expression 
vectors (data not shown). These data 
demonstrate that both full length Fratl and C-
terminal Fratl-(129-274) can form a complex 
with GSK-3ß in intact cells. 

Phosphorylation of Fratl by GSK-iß 

To determine whether Fratl is an in vitro 
substrate for GSK-3ß, GSK-3ß or Fratl 
complexes from the COS-7 cell lysates 
expressing Myc-Fratl and/or HA-GSK-3ß were 
precipitated with anti-GSK-3ß or Fratl 
antiserum, respectively, and subsequently 
incubated with the GSK-3ß substrate MBP and 
[y32P]-ATP. In addition to phosphorylation of 
MBP, phosphorylation of Myc-Fratl was 
observed (Figure 3), suggesting that Myc-Fratl 
is phosphorylated due to the associated 
endogenous or HA-tagged GSK-3ß. Indeed, 
Fratl contains four possible GSK-3ß 
phosphorylation sites (TLGGS36; SPAAS134, 
TGKLS152 and SQPET185) w h l c h m a t c h t h e 

S/TXXXS/T consensus sequence (Plyte et al., 
1992). However, we cannot rule out the 
possibility that other protein kinases interact 
with and phosphorylate Myc-Fratl. 

Fratl interacts with GSKSß in T cell 
lymphomas and normal thymus 

The polyclonal rabbit Fratl antiserum did not 
permit detection of endogenous Fratl protein in 
lysates of mouse tissues or T cell lymphomas 
with a provirally activated Fratl allele. We 
could however use this antiserum to co-
immunoprecipitate GSK-3ß from protein 
extracts of mouse thymus and splenic T cell 
lymphomas (Figure 4). Tumor lysates were 
prepared from the grossly enlarged spleens, 
isolated from M-MuLV-infected H2-K-Afyc 
transgenic mice with a primary tumor lacking a 
provirally activated Fratl allele, or from 
FVB/N recipients with a transplanted tumor 
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Figure 4 In vivo interaction ofFratl and GSK-3ß in splenic T cell lymphomas and mouse thymus. Immunoprecipitations 
of protein extracts from M-MuLV-induced lymphomas, and normal thymus and spleen, were performed with the Fratl 
antiserum, separated on a SDS/12% Polyacrylamide gel, blotted to nitrocellulose, and probed with the anti-GSK-3ß 
antibody (top panel). The concentration of GSK-3ß in the protein extracts was determined by fractionating 30 pi of protein 
extract on a SDS/12% Polyacrylamide gel, followed by immunoblotting with the same anti-GSK-3ß antibody (bottom 
panel). Immunoprecipitations were performed on protein extracts from three sets of a primary tumor and transplanted 
tumors (Q2, Q24 and Q38). Each set consists of the primary tumor (lanes 0), and two or three transplanted tumors, each 
generated in an separate recipient via injection of primary tumor cells (lanes 1, 2, 3). Generation of these lymphomas has 
been described previously (Jonkers et al., 1997) 

overexpressing Fratl (Jonkers et al., 1997). 
The Fratl immune complexes, as well as fixed 
amounts of the protein extracts used for 
immunoprecipitation, were subjected to 
Western blot analysis with anti-GSK-3, thus 
allowing visual comparison of the amount of 
Fratl-bound GSK-3ß with the concentration of 
GSK-3P in the protein extracts (Figure 4; 
compare upper panel with bottom panel). While 
only moderate amounts of GSK-3ß were 
coprecipitated from protein extracts of mouse 
thymus and primary lymphomas lacking a 
provirally activated Fratl allele, significantly 
more Fratl-bound GSK-3ß was 
immunoprecipitated from the lysates of 
transplanted lymphomas with high levels of 
Fratl mRNA due to an activating proviral 
integration. These results show that association 
of endogenous Fratl and GSK-3ß occurs at 
detectable levels in normal thymus but not in 
normal spleen, and that overexpression of Fratl 
in T cell lymphomas results in a net increase of 
Fratl-bound GSK-3ß. 

Discussion 

To date, the Xenopus and zebrafish GBP genes 
, three mouse Frat genes and two human FRAT 
genes have been (partially) cloned and 
sequenced. Ammo acid alignment of the 
FRAT/GBP sequences shows that the region 

with highest homology is the previously 
identified conserved domain III, with an ammo 
acid identity of 79% and an absolutely 
conserved core sequence of 13 amino acid 
residues (Figure 5). It has previously been 
shown that binding of Xgsk-3 through 
conserved domain III is required for the 
function of GBP, and the finding that both 
Xgsk-3 binding and axis-inducing activity was 
also present in a C-termmal fragment of human 
FRAT2 suggested that the activities of domain 
III might be common among FRAT/GBP 
family members (Yost et al., 1998). In this 
study, further support for this notion was 
obtained from experiments aimed at probing 
the axis-inducing and GSK-3ß binding 
activities of mouse Fratl. 

The axis-inducing activity of Fratl was 
analyzed in early Xenopus embryos. Injection 
of RNA encoding full length Fratl, Fratl-(28-
274) lacking the N-termmal acidic region, or C-
terminal Fratl-(129-274) containing only 
domain III, into ventral blastomeres of 4 cell 
stage embryos resulted in the development of 
tadpoles with secondary axes. C-terminal 
Fratl-(129-274) displayed the highest axis-
inducing activity, suggesting that 5' Fratl 
coding sequences may interfere with efficient 
translation or that the N-terminal region of 
Fratl contains domains that may modulate 
Fratl activity in Xenopus embryos. The latter 
possibility is supported by the presence of an 
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domain I 

Fratl 1 
Frat3 1 
FRAT1 1 
Frat2 
FRAT2 
Xl-GBP 1 
Dr-GBP 1 

Fratl 60 
Frat3 58 
FRÄT1 61 
Frat2 1 
FRAT2 
Xl-GBP 42 
Dr-GBP 39 

EEEEAGDEAEG.EEDDDS 
..EEAGDEAEG.EEDDNS 
EEEEAGEEAEGEEEEEDS 

DAAHDRP 
DARHDGP 

IHDAAXDSP 

. . . SfflLLE^MTSG . H G E M T B V A 

. NYlffl. . EHBTVP . S K E R J V 3 
IHNAQ.RTP 
SHH. . . .NN 

aPCAAPGPP...PPQVLAALPADKTGTPARRLLRPTGSAETGNPAPPGAVRCVLGERGR 
PCAAPGPP.PAPPRVLAALPADKAGAPARRLLRRAASAEAGDPAPPGAVRCVLGERGR 
PCGPPGAPLRAPGPLAAAVPADKARSPAVPLLLPPALAETVGPAPPGVLRCALGDRGR 

VRLLRPTGSAETGNLAPPGSVRCVLRERGR 

T H C S M A Y G A L K P VSRAGPSCSC 
39 sHsQKAMSRLHGFTGSKP NGGGGSSTGGQRCIRLRSRS 

Fratl 117 
Frat3 117 
FRAT1 121 
Frat2 31 
FRAT2 1 
Xl-GBP 64 
Dr-GBP 77 

CVAEISPAASA. .LPQQPGLDGPPGTGKLSTPQPLSGPCRRGWLRNAAAS 
CVAEIAPGASA...LPQQLGLEVSPGMGKVSIPQPLSGPCRRGWLRNAAAS 
CVAELATGPSALSPLPPQADLDGPPGAGKQGIPQPLSGPCRGGWLRGAAAS 
CVAEIAPGASA LPGPGRRGWLRGSVAS 
pVAEVAAGPSA LPGPCRRGWLRDAVTS 
PVCTPRGAAR HAQHHHHHSPRQQGTGGNKRLC 
IN PPGSSDQE 

domain III 

Fratl 173 
Frat3 173 
FRAT1 180 
Frat2 66 
FRAT2 36 
Xl-GBP 104 
Dr-GBP 95 

Fratl 233 
Frat3 232 
FRAT1 239 
Frat2 120 
FRAT2 90 
XLGBP 155 
DRGBP 145 

RLLQQRRGSQPETRTGDD 
RLQQQRRGSQSETRTSDG 
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HRIQQRRWTAGGARAAD. 
RLLQQRRWTQAGARAGD. 
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"' VHEPPLPGSPRAACSDPGDCDGGHSSELGTTFLSLAANNPGGHSTNL 

VHEPPSPRSPRAACSDPGA.SGRAQLRTGDGVLVPGS 
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Figure 5 Homologous domains in FRAT/GBP proteins. Amino acid alignment of full length mouse Fratl and human 
FRAT1 (Jonkers et a l , 1997), mouse Frai3 (Jonkers et al., 1999), C-terminal mouse Frat2 and human FRAT2, full length 
Xenopus GBP (Xl-GBP; Yost et al., 199S) and zebrafish GBP (Dr-GBP; Sumoy et al., 1999). Sequences were aligned by 
the GCG program PILEUP (Devereux et al., 1984), and were further optimized. Identical amino acid residues in all proteins 
are in white on black background. The previously identified conserved domains I and III (Yost et al., 1998) arc indicated. 
The amino acid identity of domain I and III is 52% and 79%, respectively. The partial mouse Frat2 sequence is derived from 
the nucleotide sequence of l.M.A.G.E. clone 13S660, present m the EST division of Genbank (Lennon et al., 1996) 

N-termmal conserved domain I in all available 
FRAT/GBP sequences (Figure 5; Yost et al., 
1998). Full length and C-terminal Fratl, but not 
N-terminal Fratl, interacted with GSK-3ß as 

well as with a catalytically inactive GSK-
3ßK85M mutant in an in vitro binding assay, 
indicating that Fratl directly binds to GSK-3ß. 
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Furthermore, association between (C-terminal) 
Fratl and GSK-3ß was detected upon transient 
co-expression in COS-7 cells. The finding that 
both axis-duplicating and GSK-3 binding 
activities are contained in the C-terminal region 
ofFratl, supports the notion that domain III is 
functionally conserved among most, if not all, 
FRAT/GBP family members. Surprisingly, 
GSK-3 ß-bound Fratl appeared to be 
phosphorylated in vitro by GSK-3 ß. Although 
Fratl contains four possible GSK-3 ß 
phosphorylation sites (TLGGS36; SPAAS 134 
TGKLS152 and SQPEJ.185) that match the 
S/TXXXS/T consensus sequence (Plyte et al., 
1992), our results seem in contrast with the 
proposed GSK-3 inhibitory role of FRAT/GBP 
proteins. This apparent paradox might be 
explained by a model in which Fratl interferes 
only with substrate binding, and not with GSK-
3ß kinase activity per se. In this respect it is 
interesting to note that a 3 to 5-fold decrease in 
GSK-3 ß kinase activity upon 

autophosphorylation has been reported (Wang 
et al., 1994). It remains however possible that 
other protein kinases interact with and 
phosphorylate Myc-Frat, or that 
phosphorylation of Fratl by GSK-3ß occurs 
only in vitro, and not under more physiological 
conditions in vivo. 
Using a specific Fratl antiserum, association 
between endogenous Fratl and GSK-3ß could 
be demonstrated in protein extracts from 
normal thymus and from splenic T cell 
lymphomas, but not in extracts from normal 
spleen. In splenic T cell lymphomas, the levels 
of Fratl-bound GSK-3 ß correlated with the 
levels ofFratl RNA expression, indicating that 
overexpression of Fratl in T cell lymphomas 
results in an increased association of GSK-3ß 
with Fratl, and presumably a net decrease of 
GSK-3 kinase activity. These data suggest that 
also m late-stage lymphoma development, 
Fratl exerts its oncogenic activity through 
binding and presumably inhibiting the GSK-3 ß 
protein kinase. Although transient 

overexpression of Fratl in 293 cells results in 
activation of a TCF-luciferase reporter 
construct (T.C. Dale, personal communication), 
it remains to be established which components, 
downstream of GSK-3 ß, are affected in 
lymphomas with high levels of Fratl. In 
addition to ß-catenin, two of the known GSK-
3ß substrates could be considered as candidate 

downstream effectors of Fratl m late-stage 
lymphomas: the transcription factor NF-ATc 
and cyclin Dl (Beals et al., 1997; Diehl et al, 
1998). In activated lymphocytes, NT-AT 
responds to Ca2+ signals by translocating to 
the nucleus, where it participates m the 
activation of early immune response genes, 
such as those encoding interleukin-2 (IL-2), IL-
4, CD40L, and FasL (Rao et al., 1997). This 
nuclear translocation is mediated by direct 
dephosphorylation of NF-ATc by calcmeurin 
on critical serines present in all family 
members. GSK-3 has been shown to oppose 
Ca2+ -calcineurin signaling by phosphorylation 
of these serine residues, thereby promoting 
nuclear exit of NF-ATc (Beals et al., 1997). 
More recently, GSK-3 ß was found to promote 
proteosomal degradation and cytoplasmic 
redistribution of cyclin Dl by phosphorylation 
on a single threonine residue near the C-
terminus (Diehl et al, 1997; Diehl et al., 1998). 
In addition, transcription of cvclin Dl gene 
appears to be regulated by ß-catenin, at least in 
colon carcinoma cells (Tetsu and McCormick, 
1999). We have thus far obtained no evidence 
for NF-ATc or cyclin Dl as downstream 
effectors of Fratl in progressed lymphomas 
with a provirally activated Fratl allele. 
Analysis of mRNA expression of 38 different 
cytokines by RNase protection revealed no 
differences between primary lymphomas 
lacking a provirally activated Fratl allele, and 
the corresponding transplanted tumors with 
high Fratl mRNA expression due to a proviral 
insertion. Similarly, Western blot analysis of 
the same sets of primary and transplanted 
tumors showed no differences in cyclin Dl 
expression. We are currently testing whether 
Fratl overexpression in T lymphoma cell lines 
is capable of activating a TCF-luciferase 
reporter gene. 

Experimental Procedures 

Plasmids and RNA expression vectors 

Fratl-(l-274) (Srfi-Mscl fragment), Fratl-(1-129) 
(Srfi-Bgäl fragment) or Fratl-(129-274) (Bglll-Mscl 
fragment) were cloned in pGEX-3X (Pharmacia) for 
production in E.coli. For production of LacZ-Fratl 
fusion protein in E.coli, the Fratl-(l-274) Srfl-Mscl 
fragment was cloned in pUEX3 (Bressan and 
Stanley, 1987). The HA-GSK-3ß and HA-GSK-
3ßK85M expression vectors were kindly provided by 
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Dr T.Dale (Institute for Cancer Research, Sutton, 
U.K). The Myc-Fratl-(l-274), Myc-Fratl-(28-274) 
and Myc-Fratl-( 129-274) fusions were cloned 
downstream of the Myc tag in pGlomyc3, a 
modified pCDNA3.1 vector containing 5' and 3' 
globin UTRs. RNA for Xenopus injections was 
synthesized from the pGlomyc3 derived vectors, 
linearized with Xbal, using the T7 mMESSAGE 
mMACHINE kit (Ambion) according to the 
manufacturer's instructions. 

In vitro transcription, translation and binding 
assays 

Proteins were made by in vitro transcription and 
translation of the cDNAs using the TnT system 
(Promega Biotec) and [,5S]-methionine and cysteine 
(Amersham) according to the manufacturer's 
instructions. GST fusion proteins were purified from 
E. coli as described (Frangioni and Neel, 1993). For 
in vitro binding assays, 1/10 of the in vitro 
translation reaction was added to 5 ug of GST fusion 
protein or GST alone in a total volume of 1 ml 
NETN* (100 mM NaCl, 0.5% NP-40, 20 mM Tris-
HC1 pH 8.0, 1 mM EDTA, 1 mM PMSF, 0.5 mM 
DTT supplemented with Complete protease inhibitor 
coctail (Boehringer Mannheim)). After incubation at 
4°C for 6 hours, 20 (il of Glutathione Sepharose 4B 
(Pharmacia) was added in a total volume of 100 ul 
NETN* and rocked o/n at 4°C. Beads were washed 
four times in 500 ul NETN\ heated in SDS sample 
buffer (50 mM Tris-HCl pH 6.8, 10% glycerol, 3% 
SDS, 15% ß-mercaptoethanol, 5 mM EDTA, 5 mM 
EGTA, 0.01% bromophenol blue) and loaded on an 
SDS/12% Polyacrylamide gel. 

Antibodies 

Fratl antisera were raised in two independent rabbits 
(A10 and Al l ) against a LacZ-Fratl fusion protein 
produced in E. coli. Inclusion bodies were purified 
from bacteria by spinning the bacterial lysates made 
by sonication through a 40% sucrose cushion and 
used for immunizing rabbits. For booster injections, 
ureum-solubilized protein was used. After three 
rounds of immunization polyclonal serum was 
obtained. The A10 and All antisera were purified 
over a protein G-Sepharose column according to 
(Harlow and Lane, 1988), and stored at a 
concentration of 0.25 ug of protein per ul. All 
experiments were performed with the All 
antiserum. The GSK-3ß specific mouse monoclonal 
antibody was purchased from Transduction 
Laboratories. 

Cell culture and transfections 

COS-7 cells were maintained in Dulbecco's 
modified Eagle's medium (DMEM) supplemented 
with 10% fetal calf serum (FCS). Transfections were 
performed with DEAE-dextran, according to 
(Sambrook et al., 1989). Two days post-transfection. 
cells were harvested and lysed in NETN*. Protein 
concentrations were determined by the Bradford 
method with bovine serum albumin as a standard. 

Immunoprecipitations and immunoblotting 

For immunoprecipitations, cleared NETN' lysates 
(800 ug of protein) were incubated at 4°C for 2 
hours with 20 ul of protein G-Sepharose 
(Pharmacia) and 1 ug of anti-GSK-3ß antibody or 2 
ug of Fratl antiserum. The immunoprecipitates were 
subsequently washed four times in NETN', heated in 
SDS sample buffer and loaded on a SDS/12% 
Polyacrylamide gel. Transfer was performed 
overnight to nitrocellulose. The filter was blocked in 
TBS supplemented with 0.05% Tween-20 and 5% 
non-fat milk (Protifar. Nutricia) for 1 hour at room 
temperature, incubated with anti-GSK-3ß (dilution 
1:2500) or Fratl antiserum (dilution 1:1000) in 
TBS-Tween'1% milk for 2 hours at room 
temperature, and incubated with HRP-conjugated 
secondary antibody in TBS-Tween/1% milk. 
Visualization was performed by enhanced 
chemiluminescence (Amersham). 

GSK-3ß kinase assay 

Immune complex kinase assays were performed 
using [yJ2P]-ATP and myelin basic protein (MBP) as 
substrate according to (Wang et al., 1994). Briefly, 
immunoprecipitates were given an additional wash 
in 500 ul kinase reaction buffer (30 mM Tris-HCl 
pH 7.4, 10 mM MgCL, 100 ug/ml BSA, 5% 
glycerol, 1 mM DTT), and subsequently incubated 
for 20 minutes at 30°C in 20 pi of kinase reaction 
supplemented with 20 uM MBP and 2.5 uCi [y-'2P]-
ATP (3000 Ci/mmol). Reactions were terminated by 
adding 20 ul of twice concentrated SDS sample 
buffer. and loaded on an SDS 8-15% 
Polyacrylamide gradient gel. 
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Summary 

Retroviral msertional mutagenesis is based on 
the ability of retroviruses to integrate in the 
host DNA and mutate or transcriptionally 
activate flanking cellular sequences. The 
relative randomness of the retroviral integration 
machinery implies that proviruses may 
integrate in almost any site in the genome. 
Moreover, the insertion of a unique sequence 
tag permits identification of the mutated locus 
via molecular cloning of flanking cellular 
sequences. This method, also known as proviral 
tagging, has proven a valuable tool in 
identifying genes that confer - upon acquiring a 
retroviral insertional mutation - a selectable 
phenotype to cells or to an organism. Chapter 1 
of this thesis reviews a number of proviral 
tagging strategies that have been instrumental 
in the identification of cancer genes and their 
assignment to different complementation 
groups in transformation. 

We have applied retroviral insertional 
mutagenesis in a screen designed to identify 
oncogenes responsible for accelerating late-
stage lymphoma development. In this screen, 
the life span of retrovirally induced primary 
tumors was prolonged via transplantations into 
syngeneic hosts, thereby permitting the 
outgrowth of more malignant clones that were 
arising in the primary tumor as a result of 
ongoing insertional mutagenesis. Transplan
tation protocols have been applied to primary 
lymphomas induced by retroviral infection in 
wild type mice, or in Eyi-Pirnl or H2-K-Myc 
transgenic mice. The transplanted tumors 
frequently carried additional bands that were 
common to the independent outgrown 
transplants of the same primary tumor but that 
were not or hardly detectable in the primary 
tumor. The presence of the same proviral 
insertion in independent transplants indicates 
that (i) in the primary tumor, a small 
subpopulation already carried the additonal 
insertion, and (ii) this subpopulation had a 
selective advantage upon transplantation. 
Apparently, the cell clone, marked by the 
additional retroviral insertional mutation, was 
generated long after genesis of the primary 
tumor, and therefore represented a tumor 
progression event. Cloning of a series of these 
additional insertions has led to the iden

tification of two common insertion sites (CIS) 
that were specifically involved in tumor 
progression: Ticl and Fratl. Analysis of the 
Ticl locus has proven to be difficult: thus far 
80 kb of genomic sequences surrounding the 
proviral insertions in Ticl were screened for 
the presence of genes affected by the 
insertional mutations, but the relevant gene has 
not been identified to date. 

The identification of the Fratl locus and of 
the Fratl gene that conferred the selective 
advantage to transplanted tumor cells is 
described in chapter 2. In contrast to the 
integrations in Ticl, which are spread over a 10 
kbp region, the integrations in Fratl cluster in 
a small genomic region of 500 bp, resulting in 
the enhanced expression of trunctated Fratl 
transcripts which lack most of the 3' untrans
lated region contained in normal Fratl mRNA. 
Cloning and sequencing of the mouse Fratl 
and human FRAT1 genes showed that the 
encoded proteins of 274 and 279 ammo acid 
residues, respectively, are highly homologous. 
The role of Fratl in tumor progression was 
confirmed by stable overexpression of Fratl 
together with a lacZ marker in tumor cell lines, 
through retroviral transduction of cell lines 
derived from spontaneous E\x-Piml lymph
omas. Transplantation of mixtures of trans
duced and nontransduced cells showed that 
overexpression of Fratl confers a selective 
growth advantage to the transduced 
subpopulation. 

To obtain direct evidence for the oncogenic 
potential of the Fratl gene in vivo, we have 
generated transgenic mice that overexpress 
Fratl in various organs, including lymphoid 
tissues (Chapter 3). In line with the notion that 
the oncogenic activity of Fratl appears to be 
restricted to late-stage lymphomagenesis, Fratl 
transgenic mice did not exhibit an increased 
incidence of spontaneous lymphomas. 
However, introduction of initiating mutations 
via crosses with Piml transgenic mice or via 
retroviral insertional mutagenesis led to a 
marked acceleration of lymphoma develop
ment, providing direct evidence for the 
involvement of Fratl in lymphoma progres
sion. In addition, Fratl transgenic mice 
developed a nephrotic syndrome, characterized 
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by proteinuria due to a glomerular sieving 
defect and glomerular lesions featuring focal 
and segmental sclerosis. Long-term bone 
marrow transplantation experiments showed 
that overexpression of Fratl in the 
hematopoietic compartment alone does not 
induce a nephrotic syndrome, suggesting that 
the primary lesion in Fratl transgenic mice is 
kidney-borne rather than blood-bome. The 
exact mechanism underlying this syndrome is 
at present unknown. 

Chapter 4 of this thesis describes the 
generation of Fratl null mutant mice in which 
most of the Fratl coding sequences were 
replaced by a promoter-less lacZ reporter gene. 
Although neural and epithelial expression of 
LacZ was detected during embryogenesis and 
in adult mice, homozygous Fratl null mutant 
mice did not display any detectable phenotypic 
abnormalities. A possible explanation for these 
observations might be the presence of a second 
mouse Frat gene, named Frati, which could 
compensate for the absence of Fratl. This 
notion is supported by several observations: (i) 
the high degree of structural similarity between 
Fratl and Frati, (ii) the functional similarity 
between Fratl and Frati as indicated by their 
capacity to induce a secondary body axis in 
early Xenopus embryos, and (iii) the 
overlapping embryonic expression patterns of 
Fratl and Frati. Analysis of Fratl^- Fraß-'-
double-mutant mice will be required to address 
the possibility of functional redundancy 
between Fratl and Frati. 

The function of Fratl has remained elusive 
for a long time. However, a C-terminal 
fragment of a Xenopus laevis homologue, 
named GBP for GSK-3 binding protein, was 
recently identified by Kimelman and co
workers in a yeast two-hybrid screen with 
Xgsk-3. Expression of GBP caused activation 
of the maternal Wnt pathway in Xenopus 
embryos by inhibiting Xgsk-3 kinase activity, 
which in turn led to accumulation of ß-catenin. 
Both GBP and a C-terminal fragment of human 
FRAT2 could induce formation of a secondary 
body axis when misexpressed in early Xenopus 
embryos, suggesting that the ability to function 
as a Wnt signaling component may be 
conserved among FRAT/GBP family members. 
In chapter 5, we have investigated the effects of 
mouse Fratl on Wnt signaling. Full length 
Fratl, as well as a C-terminal fragment of 
Fratl, was capable of activating the maternal 
Wnt pathway in Xenopus embryos. Co-
immunoprecipitation experiments showed that 
Fratl and C-termmal Fratl interact directly 
with GSK-3 P, and a similar association of 
endogenous Fratl and GSK-3 ß was 
demonstrated in splenic T cell lymphomas and 
normal thymus. These results suggest that also 
in late-stage lymphomagenesis, Fratl exerts its 
oncogenic activity through binding and 
presumably inhibiting the GSK-3 ß protein 
kinase. It remains however to be established 
which components, downstream of GSK-3 ß, 
are affected in lymphomas with high levels of 
Fratl. 

98 



Samenvatting 

Kanker is een ingewikkelde ziekte. Dankzij 
de intrede van de moleculaire biologie 
hebben wetenschappers de afgelopen twintig 
jaar veel geleerd over het hoe en waarom 
van kanker. Het is duidelijk geworden dat 
veranderingen in het DNA, het erfelijke 
materiaal, van een gezonde lichaamscel 
kunnen resulteren in een cel met veranderde 
eigenschappen. Veranderingen in het DNA 
kunnen optreden tijdens de celdeling, 
wanneer een cel zich splitst in twee nieuwe 
cellen, of tijdens de reparatie van bescha
digingen aan het DNA. Dergelijke bescha
digingen kunnen ontstaan door straling, 
carcinogene stoffen, of simpelweg door de 
spontane chemische instabiliteit van het 
DNA. Een cel met veranderde eigenschappen 
zal vaak vanzelf afsterven, of worden 
verwijderd door cellen van het afweersys
teem. Heel soms echter leidt een DNA-
verandering tot een cel die zich sneller deelt 
dan normaal. Een dergelijke verandering 
markeert het begin van een tumor. In de 
praktijk blijken meerdere DNA-veranderin
gen nodig te zijn voordat er een diagnos-
tiseerbare tumor ontstaat. Sommige veran
deringen treden in een vroeg stadium van dit 
'groeiproces' op, andere relatief laat. 
Bepaalde late DNA-veranderingen kunnen 
resulteren in tumorcellen met meer 
kwaadaardige eigenschappen, zoals de 
capaciteit om uitzaaiingen te veroorzaken. 
Het in dit proefschrift beschreven onderzoek 
betreft het opsporen van late DNA-
veranderingen in muize-leukemieën (lymfo-
men), met als doel meer te leren over de 
aard van de veranderingen die optreden 
tijdens de latere stadia van leukemie-
ontwikkeling. 

Retrovirale insertie-mutagenese is gebaseerd op 
de capaciteit van retrovirussen om, via 
integratie in het DNA van de gastheercel, 
flankerende genen te muteren of activeren. De 
relatieve willekeur van de retrovirale integratie 
machinerie heeft tot gevolg dat provirussen in 
vrijwel iedere positie in de chromosomen van 
de gastheercel kunnen integreren. Daarnaast 
resulteert de insertie van het provirus in de 
aanwezigheid van een extra stuk uniek DNA op 

de plek des onheils. Kortom, retrovirussen 
veroorzaken 'gemerkte' mutaties, die relatief 
gemakkelijk kunnen worden opgespoord met 
behulp van moleculair biologische technieken. 
Deze zogeheten 'proviral tagging' methode is 
bijzonder geschikt gebleken om genen te 
identificeren die - na het verwerven van een 
retrovirale mutatie - leiden tot een selecteerbare 
eigenschap van de cel of het organisme waarin 
de mutatie is opgetreden. Het succes van 
'proviral tagging' moge blijken uit het feit dat 
deze methode, die voor het eerst in 1981 werd 
beschreven door Hayward, nog steeds in vele 
laboratoria wordt toegepast. Hoofdstuk 1 van 
dit proefschrift geeft een overzicht van een 
aantal 'proviral tagging' strategieën die hebben 
geleld tot de indentificatie van kankergenen, en 
hun klassificatie in verschillende groepen van 
complementerende genen. 

Wij hebben de 'proviral tagging' methode 
toegepast in een experiment, ontworpen om 
kankergenen op te sporen die specifiek 
betrokken zijn bij de latere stadia van 
lymfoma-ontwikkeling. In dit experiment werd 
de levensduur van - met behulp van het muize-
leukemie retrovirus geïnduceerde - tumoren 
kunstmatig verlengd door deze primaire 
tumoren te transplanteren in onbehandelde 
muizen. Deze methode resulteerde in een 
selectieve uitgroei van kwaadaardigere 
tumorcellen die reeds voor de transplantatie 
waren ontstaan vanwege de voortdurende 
retrovirale insertie mutagenese. Dergelijke 
transplantatie protocollen zijn toegepast bij 
tumoren uit retrovirus-geïnfecteerde normale 
muizen, of uit retrovirus-geïnfecteerde trans
gene muizen waarin het Piml of het Myc 
kankergen reeds geactiveerd was. De tumoren 
die uitgroeiden na transplantatie, bleken vaak 
extra virus-integraties te bevatten die niet of 
nauwelijks aan te tonen waren in de primaire 
tumor. In een aantal gevallen bleken 
onafhankelijke transplantaties van dezelfde 
primaire tumor steeds weer tumoren op te 
leveren met dezelfde extra virus-integratie. 
Deze waarnemingen lieten zien dat: (i) er in de 
primaire tumor reeds een klein aantal tumor
cellen met de extra virus-integratie aanwezig 
was, en dat (ii) dit kleine aantal cellen op 
reproduceerbare wijze selectief kon uitgroeien 
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na transplantatie. Klaarblijkelijk was de 
stamvader van deze cellen pas lange tijd na de 
'geboorte' van de primaire tumor onstaan, 
wellicht als gevolg van een mutatie veroorzaakt 
door de extra virus-integratie. Inderdaad heeft 
het kloneren van zulke extra virus-integraties 
geleid tot de identificatie van twee nieuwe 
gebieden in het muis-DNA die specifiek 
betrokken bleken bij lymfoma progressie: Ticl 
en Fratl. De speurtocht naar het kankergen in 
het Ticl gebied is zeer moeilijk gebleken: een 
gedetailleerde analyse van 80.000 nucleotiden 
rondom Ticl heeft tot nog toe niets opgeleverd. 

De identificatie van het Fratl gebied, en 
van het Fratl kankergen dat verantwoordelijk 
bleek voor de selectieve uitgroei van de 
tumorcellen met een extra virus-mtegratie in 
Fratl, is beschreven in hoofdstuk 2. In 
tegenstelling tot de virus-integraties in Ticl, die 
verspreid liggen over een gebied van 10.000 
nucleotiden, clusteren de integraties in Fratl 
samen in een klein gebied van 500 nucleotiden. 
De aanwezigheid van een virus in dit gebiedje 
leidt tot een sterk verhoogde productie van 
Fratl boodschapper-RNA copieën die veel 
korter zijn dan normaal, maar desalniettemin 
alle informatie bevatten voor de aanmaak van 
het volledige Fratl eiwit. Het kloneren en het 
bepalen van de nucleotide-volgorde van het 
Fratl gen uit de muis en het FRAT1 gen uit de 
mens, liet zien dat de eiwitten die vanaf beide 
genen geproduceerd kunnen worden, sterk op 
elkaar lijken. De veronderstelde rol van Fratl 
in tumor progressie werd vervolgens bevestigd 
door stabiele overproductie van Fratl, tezamen 
met een markeer-gen, in lymfoma cellen 
waarin reeds de Piml en Myc kankergenen 
geactiveerd waren. Transplantatie experimen
ten met mengsels van tumorcellen met en 
zonder Fratl lieten selectieve uitgroei zien van 
de Fratl -producerende cellen. 

Om direct bewijs te verkrijgen voor de 
oncogene capaciteit van het Fratl gen in vivo 
hebben we transgene muizen gemaakt die 
overmatige hoeveelheden Fratl produceerden 
in verschillende weefsels, inclusief de lymfoïde 
organen (Hoofdstuk 3). De opvatting dat de 
oncogene rol van Fratl zich lijkt te beperken 
tot de latere stadia van lymfoma-ontwikkehng, 
werd ondersteund door het feit dat de Fratl 
transgene muizen niet gevoeliger bleken voor 
spontane lymfomen. Echter, introductie van 
initiërende mutaties middels kruisingen tussen 
Fratl transgene muizen en Piml transgene 

muizen of middels retrovirale insertie 
mutagenese, resulteerde in een aanzienlijk 
versnelde lymfoma ontwikkeling. Deze resul
taten leverden een direct bewijs voor een rol 
van Fratl in de latere stadia van lymfoma-
ontwikkeling. De Fratl transgene dieren 
bleken bovendien na verloop van tijd te 
bezwijken aan een niersyndroom, gekenmerkt 
door proteinuric (eiwitverlies via de urine) en 
glomerulaire lesies met focale en segmentele 
sclerose en hyalinose. Lange-termijn transplan
tatie experimenten waarbij de beenmergcellen 
van normale muizen werden vervangen door 
beenmergcellen van transgene dieren, heten 
zien dat overproductie van Fratl in alleen de 
bloedcellen geen niersyndroom veroorzaakt. 
Deze resultaten suggereren dat de primaire 
lesie in de Fratl transgene muizen zich in de 
nieren bevindt, en niet in de bloedcellen. Het 
preciese mechanisme dat ten grondslag ligt aan 
dit niersyndroom is vooralsnog onbekend. 

Hoofdstuk 4 van dit proefschrift beschrijft 
de generatie van Frar/-deficiënte muizen. In 
deze muizen is nagenoeg het gehele eiwit-
coderende deel van het Fratl gen vervangen 
door een promoterloos lacZ gen. Aanwezigheid 
van het lacZ eiwit in weefsels of organen kan 
gemakkelijk worden aangetoond door onder
dompeling in een oplossing van een kleurloze 
stof die door het lacZ eiwit in een blauwe 
kleurstof wordt omgezet. Alleen de cellen die 
het lacZ eiwit bevatten zullen dus blauw 
worden. Op deze manier kon worden bepaald in 
welke weefsels van de Fratl -deficiënte muizen 
het Fratl gen normaliter werd geproduceerd. 
Zowel tijdens de embryonale ontwikkeling als 
in volwassen muizen bleken verschillende 
neurale weefsels (delen van de hersenen, 
ruggemerg en zenuwen) en epitheliale weefsels 
(de bekleding van neusholtes, luchtpijp, 
bronchieën en darmen) blauwkleuring te 
vertonen. Desondanks vertoonden de Fratl-
deficiënte muizen geen waarneembare afwij
kingen. Een mogelijke verklaring hiervoor is 
wellicht de aanwezigheid van een tweede Frat 
gen in de muis. Dit gen, door ons FratS 
genoemd, zou de eventuele nadelige effecten 
van het uitgeschakelde Fratl gen kunnen 
opheffen. Deze mogelijkheid wordt onder
steund door een aantal observaties: (i) het 
Fratl gen lijkt sprekend op het Frat3 gen, en 
ook beide eiwitten vertonen een sterke 
gelijkenis, (ii) beide genen hebben op zijn 
minst deels overlappende functies, want zowel 
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injectie van Fratl als van Fratï in pasbe-
vruchte eieren van de klauwpad resulteerde in 
de ontwikkeling van tweehoofdige kikkervisjes, 
en (iii) tijdens de embryonale ontwikkeling lijkt 
in een aantal weefsels zowel Fratl als F rati te 
worden geproduceerd. De vraag of Frati inder
daad de functie van Fratl in de .FraïZ-deficiën-
te muizen heeft overgenomen kan pas worden 
beantwoord zodra er muizen zijn gemaakt die 
zowel het Fratl gen als het Frat3 gen ontberen. 

De functie van Fratl is gedurende lange 
tijd onduidelijk gebleven. Echter, in 1998 
ontdekten Kimelman en medewerkers een op 
Fratl gelijkend eiwit in de klauwpad dat in 
staat was om aan het Xgsk-3 eiwit te binden. 
Dit eiwit, GBP genaamd, bleek in jonge 
klauwpad-embryos betrokken te zijn bij de 
activatie van het maternale Wnt signaal, nodig 
voor de vorming van de lichaamsas. Binding 
van GBP aan Xgsk-3 resulteerde in afscha-
kelmg van het Xgsk-3 enzym, en dienten
gevolge in een accumulatie van het ß-catenine 
eiwit. Niet alleen het GBP van de klauwpad, 
maar ook het FRAT2 van de mens bleken in 
staat om het maternale Wnt signaal in de 

klauwpad-embryos te activeren. Deze laatse 
bevinding suggereerde dat wellicht ook de 
andere, door ons geïdentificeerde, Frat eiwitten 
een rol in Wnt signalering zouden kunnen 
spelen. In hoofdstuk 5 hebben we deze 
mogelijkheid onderzocht. Zowel het volledige 
Fratl eiwit als een fragment van het Fratl eiwit 
bleken in staat om in jonge klauwpad-embryos 
het maternale Wnt signaal te activeren. Co-
immunoprecipitatie experimenten lieten vervol
gens zien dat Fratl direct bindt aan GSK-3, en 
eenzelfde binding kon worden aangetoond in 
eiwitextracten van de muize-lymfomen met een 
retro virus-integratie in Fratl, en in eiwitextrac
ten van normale thymus. Deze resultaten 
suggereren dat ook tijdens de latere stadia van 
lymfoma-ontwikkeling, de oncogene activiteit 
van Fratl bestaat uit binding aan, en vermoede
lijke inactivatie van het GSK-3 enzym. Het 
blijft echter vooralsnog onduidelijk welke van 
de eiwitten die normaliter door het GSK-3 
enzym kunnen worden beïnvloed, ook de 
relevante factoren zijn in de lymfomen met een 
geactiveerd Fratl gen. 
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Dankwoord 

Tenminste één aspect van wetenschappelijk onderzoek valt voor buitenstaanders moeilijk te 
begrijpen: het is nooit 'af. Twee oorzaken vallen hiervoor aan te wijzen: (i) het is niet altijd even 
gemakkelijk om de feiten boven water te halen, en (ii) zelfs wanneer dit lukt, blijkt vaak dat ieder 
antwoord weer een veelvoud aan nieuwe vragen oproept. Toch is negen jaar een ongewoon lange 
periode voor het afronden van een promotie-onderzoek. Bij deze mijn excuses hiervoor aan iedereen 
die de afgelopen jaren steeds vertwijfelder vroeg: "En, schiet het al een beetje op, dat promoveren?". 
Lang over je promotie doen betekent ook een lange lijst van mensen die een vermelding in het 
dankwoord verdienen. Dit mag echter een voordeel worden genoemd, aangezien het dankwoord 
doorgaans de meest geraadpleegde sectie in een proefschrift betreft. 

Allereerst wil ik mijn promotor, Ton Berns, bedanken. Ton, jij gaf me de kans om als OIO in 
jouw lab te beginnen, en dat terwijl ik op dat moment meer oren had naar de wetenschapsjournahstiek 
dan naar het 'bekrompen' wetenschappelijke onderzoek. Mijn enthousiasme voor wetenschap pur sang 
is gedurende de afgelopen jaren alleen maar toegenomen, en ik ben je dan ook dankbaar voor het 
vertrouwen dat je in mij stelde. Ik heb natuurlijk voor het schrijven van dit dankwoord wat oude 
proefschriften doorgenomen, en het is opvallend hoe vaak jouw grote vakkennis, scherpzinnigheid, 
kritische begeleiding, en enthousiasme worden aangehaald. Wat mij daarnaast vaker heeft gefrapeerd 
is je niet aflatende oog voor detail, iets wat anderen die zich steeds meer met de 'grote lijnen' 
bezighouden nogal eens willen verleren. Sterker nog: jij weet tot in details mee te praten over 
experimenten waar je zelf geen enkel practische ervaring mee hebt. Heel knap. Al deze eigen
schappen maken je tot een inspirerende leermeester, zelfs in tijden van magere onderzoeksresultaten. 

Het OIO-team waarin ik mijn wetenschappelijke loopbaan begon, wil ik bedanken voor de 
gezellige en stimulerende werksfeer. Nathalie, Heinz, Dennis, Mark, Bianca, Marc, en Els, jullie 
uiteenlopende karakters vormden een solide basis voor talloze stimulerende (niet-)wetenschappelijke 
discussies. Daarnaast ben ik nog wat extra woorden van dank verschuldigd aan Mark Alk. Mark, het 
samen promoveren is geloof ik met helemaal gelukt. Strakke deadlines zijn nu eenmaal niet mijn 
sterkste punt, als je begrijpt wat ik bedoel. Bedankt voor die goeie tijd op H-4. Ik ben waarschijnlijk 
niet de enige die vindt dat de leemte die jij hebt achtergelaten nog steeds met geheel is opgevuld 
(niemand blijkt bijvoorbeeld bereid tot het produceren van hysterisch gezang op de gang). Een 
combinatie van vriend en collega kom je niet zo vaak tegen, en ik hoop dan ook dat we elkaar met uit 
het oog verliezen. Nu alleen nog even als paranimf fungeren... 

Ook de andere leden van de groep Berns (inclusief de stoet mensen die reeds vertrokken is) wil ik 
bedanken voor de prettige samenwerking, de min of meer zinnige gesprekken, en de gezelligheid op 
het lab. Ik wil hierbij met name Paul noemen, die mij eerst als student feillos wist te begeleiden, en nu 
als Tons 'second man' eenieder met raad en daad terzijde staat (tenzij iets dringend geregeld moet 
worden voor kinderen, huis, tuin, keuken, auto, tweede auto, (vouw)caravan of strandhuisje). Hein, 
Niels en Maarten wil ik bedanken voor de inspirerende en leerzame discussies tijdens mijn beginjaren 
op het NKI. 

Ik ben veel dank verschuldigd aan de studenten die ik gedurende mijn promotie-onderzoek heb 
mogen begeleiden. Samenwerken is vele malen leuker dan in je eentje ploeteren, en alle stages bleken 
vroeg of laat te resulteren in dagen van gedeeld enthousiasme, waar ik met plezier aan terugdenk. Rik, 
ik hoop dat je, ondanks je bliksem-carrière, nog eens terugdenkt aan die bijna-te mooi-om waar-te-
wezen Fratl Northern blot, en de eerste sequenties die we vervolgens koortsachtig zaten te 
analyseren. Jan-Hermen, het blijft curieus dat wij geen GSK-3ß of Dvl hebben gevonden, maar het is 
nog steeds niet uitgesloten dat de Fratl-bmders die jij indertijd hebt opgepikt ook onder fysiologische 
omstandigheden de functie van Fratl kunnen beïnvloeden. Bedankt voor je bijdrage aan het 
onderzoek, en voor de prachtige orgelmuziek als welkome variatie op Nirvana en Smashing Pumkms. 
Ramon, je verbeten speurtocht naar de Fratl target-genen leverde met het gewenste 
wetenschappelijke resultaat op, maar wel een enthousiaste wetenschapper-in-spe, getuige de 
glansrijke start die je momenteel maakt als AIO op het CLB. Renée, het moge blijken uit de laatste 
hoofdstukken van dit proefschrift dat je een onmiskenbare bijdrage hebt geleverd aan het Frat 
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onderzoek. De ultieme samenwerking als je het mij vraagt: getweeën Xenopuseieren-injecterend je 
dagen slijten op het Hubrecht lab, met als als centrale vraagstellingen: (i) wie injecteert de meeste 
eieren, en (ii) wie heeft het hoogste percentage ontwikkelde kikkervisjes? Ik wens je veel succes met 
je promotie-onderzoek binnen de groep Berns. Fonnet, ik denk datje, mede dankzij je leergierigheid 
en enthousiasme, een eersteklas kinderarts zult worden. 

Hanneke en Conny wil ik bedanken voor hun bijdrage aan het Frat-onderzoek. Samenwerken met 
een analist is een zeldzaam goed in de groep Berns, en ik prijs mij erg gelukkig met jullie inzet. 
Goede Proeven Slechte Proeven (GPSP), het blijft spannend en het verveelt nooit. 

De mensen op het dierenlab van zowel het NKI als het CLB wil ik bedanken voor hun hulp. Het 
Nederlands Kanker Instituut kan bogen op een fantastische proefdierfaciliteit, en dit komt met name 
door de mensen die er werken. Beste Nel, Loes, Tania, Fina, Auke, Cor en Halfdan, en het injectie
team Karin. Karin en René, jullie zorg(d)en er voor dat G-4 een flexibele afdeling is, waar 
onderzoekers zich maximaal kunnen concentreren op de inhoudelijke kant van de dierproeven. Ik heb 
grote bewondering voor jullie open mentaliteit en vermogen tot meedenken, temeer omdat die soms 
eigenwijze, arrogante, en allesbehalve punctuele onderzoekers bij tijd en wijle behoorlijk vervelend 
kunnen zijn. Ik hoop dat jullie nog lang op deze manier zullen doorgaan, en alhoewel het wellicht wat 
vaker hardop gezegd mag worden, denk ik dat iedereen jullie inzet zeer weet te waarderen. Tony 
Hamersveld op het dierenlab van het CLB wil ik bedanken voor zijn hulp bij het maken van de Fratl 
antisera, die zes jaarna dato eindelijk internationale belangstelling beginnen te genieten. 

Veel dank aan Ene Noteboom voor hulp en advies bij de FACS analyses, en voor het feilloos 
opdiepen van oude FACS files. Jurjen, Eva, Lia, Dennis en Kees van het histologielab wil ik 
bedanken voor de histologische preparaten, en Martin voor de interpretatie ervan. Rein Regnerus en 
zijn opvolger Frank Matthesius wil ik bedanken voor hun hulp bij de vele staart-DNA analyses. 
Hanneke, Ellen, Els, Conny, Marleen en Jacqueline bedank ik voor het vele onzichtbare en vaak 
ondankbare werk dat nodig is om een lab gevuld met volslagen chaotische, onopgevoede en soms 
asociale wetenschappers draaiende te houden. Tineke, Marlijn, Suzanne en Katinka wil ik bedanken 
voor secretariële hulp. 

I would like to thank Trevor Dale for the fruitful and still ongoing collaboration that was swiftly 
initiated by a simple phone call, one day after the 1998 Wnt meeting. Olivier Destrée en Miranda 
Moolenaar wil ik bedanken voor hun gastvrijheid en hun inzet om ons de fijne kneepjes van de 
Xenopus-injecties bij te brengen. Jan Weening, Ruud Smeenk en Jan de Jong wil ik bedanken voor 
hun bijdrage aan de analyse van het niersyndroom in de Fratl transgene muizen 

Ook wil ik de groepen Barlow, Bernards, Borst, Collard, Demant, van Lohuizen, Plasterk en te 
Riele bedanken voor de vele nuttige discussies, collegialiteit, en reagentia (even wat 'lenen'). 

Tenslotte wil ik Marieke bedanken. Lieve Marieke, jouw bijdrage aan de totstandkoming van dit 
proefschrift is waarschijnlijk veel groter dan jij en ik kunnen bevroeden. De lol die wij de afgelopen 
jaren aan en met elkaar hebben beleefd (en hopelijk nog vele jaren lang zullen beleven) heeft in ieder 
geval de laatste loodjes van het promotie-onderzoek veel lichter gemaakt. Met zwakke excuses schiet 
je niks op, maar desondanks: sorry voor die talloze avonden dat het 'wat later dan geplanned' werd. Ik 
hoop dat het einde van de promotie-perikelen betekent dat we wat meer tijd aan elkaar kunnen 
besteden, alhoewel strakke kantoortijden slecht passen bij wetenschappelijke arbeid. Bedankt voor je 
steun, en een dikke kus van je vent. 
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Jos Jonkers werd op 16 maart 1965 geboren te Nederweert. In 1983 behaalde hij het VWO diploma 
aan de Philips van Horne scholengemeenschap te Weert. Vanaf 1983 studeerde hij Moleculaire 
Wetenschappen aan de Landbouw Universiteit Wageningen, met stages bij de vakgroep Moleculaire 
Biologie (Prof. dr. A. van Kammen) en de afdeling Moleculaire Genetica van het Nederlands kanker 
Instituut (Prof. dr. A. Berns). In november 1989 behaalde hij het doctoraalexamen. Vanaf februari 
1990 tot en met december 1995 was hij werkzaam als onderzoeker in opleiding (OIO) bij de afdeling 
Moleculaire Genetica van het Nederlands Kanker Instituut. Onder begeleiding van Prof. dr. A. Berns 
werd het in dit proefschrift beschreven onderzoek verricht. Dit onderzoek naar de identificatie en 
karakterisering van het Fratl proto-oncogen werd mede gefinancierd door de Nederlandse Kanker 
Bestrijding (NKB/KWF). Vanaf mei 1996 is hij werkzaam als wetenschappelijk onderzoeker, 
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Abbreviations 

aa amino acid 
bp base pair 
BSA bovine serum albumine 
cDNA complementary DNA 
ConA concanavalin A 
(d)ATP (deoxy) adenosine triphosphate 
(d)CTP (deoxy) cytidine triphosphate 
(d)GTP (deoxy) guanosine triphosphate 
(d)TTP (deoxy) thymidine triphosphate 
DMEM Dulbecco's modified Eagle's medium 
DMSO dimethyl sulfoxide 
DNA deoxyribonucleic acid 
DTT dithiotreitol 
ECL enhanced chemilummescence 
EDTA ethylenediamine terraacetic acid 
ES embryonic stem 
EST expressed sequence tag 
Eu immunoglobulin heavy chain enhancer 
FACS fluorescence activated cell sorting 
FCS fetal calf serum 
FDG fluorescein-di-beta-D-galactopyranoside 
FITC fluorescein isothiocyanate 
GST glutathione-S-transferase 
h hour 
Hyg hygromycin 
IL mterleukin 
1RES internal ribosome entry site 
kb kilobase(lOOOnt) 
kD kilodalton 
LacZ ß-galactosidase 
LPS lipopoly saccharide 
LTR long terminal repeat 
M molar 
M-MuLV Moloney murine leukemia virus 
mRNA messenger RNA 
MW molecular weight 
nt nucleotide 
ORF open reading frame 
PAGE Polyacrylamide gel electrophoresis 
PBS phosphate-buffered saline 
PCR polymerase chain reaction 
PMSF phenyl methyl sulfonyl fluoride 
RNA ribonucleic acid 
SDS sodium dodecyl sulfate 
SSC standard saline citrate 
TBS Tris-buffered saline 
TCR T cell antigen receptor 
Tris Tris (hydroxymethyl) aminomethane 
M-g microgram ('/IOOO g r a m) 
uM micromolar 
X-gal 5-bromo-4-chloro-3-indolyl-ß-galactopyranoside 
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How happy is the little Stone 
That rambles in the Road alone, 
And doesn't care about Careers 
And Exigencies never fears -
Whose Coat of elemental Brown 
A passing Universe put on, 
And independent as the Sun 
Associates or glows alone. 
Fulfilling absolute Decree 
In casual Simplicity -

Gelukkig is de kleine steen 
Flanerend langs de weg alleen. 
In loopbaan stelt hij geen belang, 
Voor tegenslag is hij niet bang. 
Gekleed in 't diluviale pak 
Waarin 't passerend heelal hem stak, 
En zo onafhankelijk als de zon 
Alleen of met een compagnon, 
Gaat hij de weg die 't lot hem koos, 
Eenvoudig, zorgeloos. 

EMILY DICKINSON 
(vertaling H. Drion) 
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