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Sloww transforming retroviruses, such as the Moloney murine leukemia virus (M-
MuLV),, induce tumors upon infection of a host after a relatively long latency period. 
Thee underlying mechanism leading to cell transformation is the activation of proto-
oncogeness or inactivation of tumor suppressor genes as a consequence of proviral 
insertionss into the host genome. Cells carrying proviral insertions that confer a 
selectivee advantage will preferentially grow out. This means that proviral insertions 
markk genes contributing to tumorigenesis, as was demonstrated by the identification 
off numerous proto-oncogenes in retrovirally-induced tumors in the past. Since cancer 
iss a complex multistep process, the proviral insertions in one clone of tumor cells also 
representt oncogenic events that co-operate in tumorigenesis. Novel advances, such 
ass the launch of the complete mouse genome, high-throughput isolation of proviral 
flankingg sequences, and genetically modified animals have revolutionized proviral 
taggingg into an elegant and efficient approach to identify signaling pathways that 
collaboratee in cancer. 
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Introductio n n 

Cancerr is the result of the accumulation of genomic alterations each providing 
aa selective advantage to a cell at a specific stage in the development of a 
tumor.. Genes contributing to the development of a full-blown tumor drive 
eitherr tumor initiation or progression. The initiating mutations likely determine 
thee nature of subsequent co-operating alterations. The identification of the 
geness contributing to tumorigenesis yields crucial information about the 
hurdless a cell has to overcome on its way toward an end-stage tumor. 
Approachess such as large-scale comparative genomic hybridization (CGH), 
cDNAA expression profiling, or sequencing of the tumor cell genome can 
providee information on the chromosomal loci and/or genes altered during 
tumorigenesis.. These techniques represent valuable approaches in their own 
right,, but each method has its own disadvantages. CGH requires substantial 
additionall analyses to identify relevant amplified or deleted genes, cDNA 
expressionn profiles only give insight into the overall expression of genes, and 
sequencingg genomes of tumors is at present limited by the sheer investment it 
requires.. The application of replication competent RNA tumor viruses as 
insertionall mutagens offers unique opportunities here. RNA tumor viruses can 
transformm cells by the activation or disruption of endogenous genes. The 
alterationss conferring a selective advantage are strongly selected for during 
tumorigenesis.. As a consequence, integrated proviruses create unique tags 
physicallyy located in the proximity of the genes causally involved in the 
oncogenicc process. The reiterating nature of viral infection and proviral 
insertion,, involving altogether many millions of insertion events, enables a 
saturatingg mutagenesis approach. In the past, retroviral tagging strategies 
havee led to the discovery of many notorious oncogenes such as c-Myc. 
Recently,, the facilitated identification of the proviral insertion sites through the 
releasee of the complete mouse genome sequence and the availability of high-
throughputt methods for isolation of the proviral flanks has revitalized retroviral 
insertionall mutagenesis. The rapid identification of the genomic locations of 
thee proviral insertion sites in combination with the use of genetically modified 
animalss has created a very attractive and powerful tool for the detection and 
analysiss of genes that collaborate in tumorigenesis. In this review, we discuss 
thee unique and diverse features of retroviral tagging and future prospects that 
cann be foreseen. 
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I.. Retroviruse s 

A.. RNA tumo r viruse s 
Retrovirusess need to fulfill two criteria to be of utility as an insertional mutagen 
forr the identification of genes that collaborate in tumor development. First, 
theyy should have the capacity to activate and disrupt genes in cis, which will 
resultt into tumor formation. Second, they should be able to do this with high 
efficiencyy allowing a large number of genes to serve as target for their 
mutagenicc effect. 
Too date a range of different retroviruses are known. The majority of these 
virusess exhibit a restricted host-specificity. On basis of the distinctive 
pathologicall features of the retrovirally-induced tumors, these retroviruses are 
subdividedd into acute transforming retroviruses and slow transforming 
retroviruses.. The first group of retroviruses induces polyclonal tumors with a 
relativelyy short latency (sometimes as short as two to three weeks after 
infectionn of the host). Transformation of the infected cells is predominantly 
causedd by the expression of a virally encoded oncogene. Examples of these 
virusess are chicken-specific Rous sarcoma virus carrying v-Src, Kirsten 
sarcomaa virus (rodents; K-Ras), and feline leukemia virus (cats; v-Myc). The 
secondd class of retroviruses induces mono- or oligoclonal tumors after a 
latencyy of 3-12 months. These retroviruses do not carry transforming genes 
andd the tumors induced by these viruses are a direct result of integration of 
thee retroviral DNA intermediate in the host genome. These proviruses can 
activatee or disrupt genes by their site of insertion. In this review we will only 
discusss the use of this latter class of retroviruses, and focus in particular on 
thee well-characterized and widely-utilized murine leukemia virus (MuLV) 
(Figuree 1). 

B.. General feature s of retroviruse s 
Thee first stage in the transformation of a cell by a slow transforming retrovirus 
iss infection of a host-cell. The infection cycle of a retrovirus entails entry of the 
virionn into a cell, reverse transcription of the RNA genome into dsDNA, 
integrationn of the provirus into the host genome, transcription of the proviral 
genomee and viral mRNAs, synthesis of the viral proteins, and assembly and 
releasee of virus progeny from the cell. Genes in the viral genome encode all 
thee proteins required for these processes. As many other viral genomes, 
retrovirusess use their coding capacity efficiently. In order to produce all 
essentiall proteins retroviruses adapted elegant posttranslational proteolytic 
cleavagee of the encoded polypeptides (Figure 1). 
Too enter a cell the virus particle binds to a receptor expressed by the host cell. 
Thee viral envelope glycoprotein complex is responsible for binding to the 
receptor.. The envelope complex consists of two polypeptides, an external 
glycosylatedd hydrophilic polypeptide (SU) and a transmembrane polypeptide 
(TM),, of which SU determines the tissue specificity and tropism of the 
retrovirus.. SU and TM are both encoded by the envelope gene (Env) and 
producedd by proteolytic cleavage of the envelope polyprotein precursor. The 
receptorr used by ecotropic MuLVs -these viruses can only infect mouse cells-
iss the cationic amino acids transporter (CAT-1) (Albritton era/., 1989). The 
virionn that enters the cell contains two single-stranded identical genomic 
RNA(+)) strands, structural proteins, viral reverse transcriptase (RT), viral 
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Figuree 1. Overview of the Moloney murine leukemia virus (M-MuLV). 
Transcriptionn of the two mRNAs starts from the 5' long terminal repeat (LTR) in the viral 
repeatt (R) downstream of the U3 region. After translation of the two different open reading 
framess (ORFs), the polyprotein precursors are cleaved by proteases (sites are indicated by 
arrows)) yielding the proteins required for infection, integration and virus progeny. Note that 
thee GAG proteins are myristylated (M) to achieve membrane association, primer binding site 
(PBS),, polypurine tract (PPT), splice donor (SD), splice acceptor (SA). 

integrasee (IN) and specific tRNAs. After entry, the genomic RNA strands are 
copiedd into DNA(-) strands by the RT protein utilizing a tRNA that anneals to 
thee primer binding site (PBS) immediately downstream of the 5' long terminal 
repeatt (LTR). After extension through the 5' end of the genomic RNA, the 
RNAA complementary to the new synthesized DNA is degraded by the RNase 
HH activity of the RT protein (Figure 2). The resulting minus-strand DNA then 
servess as a primer that binds to a repeat sequence present at the 3' end of 
thee viral RNA genome, after which the minus strand DNA synthesis is 
continuedd to yield a copy of the complete viral genome. RNase H activity 
subsequentlyy degrades the minus RNA strand. Since the majority of 
retrovirusess contain a polypurine stretch (PPT) that is resistant to RNase H 
activity,, this region upstream from the 3' LTR RNA cannot be degraded. The 
non-degradedd RNA serves as primer for the synthesis of the second, plus-
strandedd DNA, creating a double-stranded viral DNA. For a detailed 
descriptionn of the synthesis of the DNA intermediate we refer to standard 
handbooks.. The blunt-ended linear duplex DNA has to integrate into the host 
genomee to yield progeny virus. To create sites of attachment to the host DNA 
thee viral integrase eliminates two to three terminal nucleotides from the 3' end 
off the viral DNA creating phosphodiester reactive 3'-OH ends. The 
cytoplasmicc proviral DNA of most retroviruses cannot enter the nucleus and 
thereforee requires mitosis of the cell to integrate. Integrase catalyzes the 

14 4 



Introduction Introduction 

, ^ ^ 
,, PBS 

bb
 R i& 

RU5 5 

,, gusyi 

dd 'S— 

ff PBS 

R u s / l l 

U33 RU5 

RU55 PBS 

Figuree 2. Reverse transcription of the M-MuLV RNA genome. 
Thee tRNA primer binds to the primer binding site (PBS) downstream of U5, after which the U5 
andd R regions are reverse transcribed using the viral reverse transcriptase (RT) (a). RNase H 
activityy of RT removes the complementary RNA stretch (b) enabling the ssDNA to jump to the 
3'' end of the viral genome (c). Reverse transcription of the 3' part of the viral genome starts 
(c)) after which RNase H activity removes the genomic U3 and R regions (d). Meanwhile, 
reversee transcription continues through to the PBS site yielding the minus-strand DNA. If two 
differentt viral genomes are co-packaged, the partly synthesized DNA can jump towards the 
otherr viral genome resulting in recombinant viruses (Hu and Temin, 1990; Zhang etal. 2000). 
Suchh recombinant retroviruses can contribute to superinfection (Section II.C). After 
completionn of the minus-strand DNA the viral RNA is removed up to the RNase H resistant 
polypurinee tract (PPT). Plus-strand DNA synthesis starts from the PPT until part of the tRNA 
hass been transcribed (e). The tRNA primer is removed (f) and consequently this + strand 
DNAA can bind to the 5' PBS sequence by which both DNA strands can be produced using 
eachh other as a template. 
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thee joining of the virus DNA to the host DNA. The created gap is repaired and 
ligatedd completing the integration process. The integration of a provirus is not 
completelyy random, as chromatin structures affect the target sites illustrated 
byy a preference to insert in regions in which DNA is bended and in 
transcriptionallyy active regions (Mooslehner et a/., 1990; Muller and Varmus, 
1994;; Rohdewohld etal., 1987; Scherdin era/., 1990; Vijaya era/., 1986). The 
numberr of potential target sites is, however, still enormous leaving the utility of 
retrovirusess as an insertional mutagen largely unaffected (Pryciak era/., 1992; 
Pryciakandd Varmus, 1992; Withers-Ward et al., 1994). 

C.. Tissue-specificit y 
Althoughh retroviruses can infect many tissues in vivo, the tumors generated 
byy each virus-type predominantly originate from a particular cell type. This is 
illustratedd by Moloney-MuLV (M-MuLV). M-MuLV is capable of infecting a 
varietyy of cell types, but induces primarily T-cell lymphomas in wild-type mice 
(Moloney,, 1960). The type of tumors induced is dependent on both retroviral 
andd cellular features, i, Cell division : The provirus can only efficiently insert 
intoo the genome of dividing cells. Inoculation of newborn mice with M-MuLV 
causess infection of lymphocytes during a phase in which B and T cell 
precursorss undergo extensive proliferation. Since the infection of newborns 
makess these mice tolerant to the virus preventing its elimination via an 
immunee response, the increase in the number of infected cells serves as an 
expandingg factory for the production of virus progeny, ii , Vira l replication : 
Efficientt viral replication serves two important goals. First, it is required to 
producee sufficient progeny virions permitting a high level of new insertions. 
Secondly,, high virus production is synonymous with a high rate of viral gene 
transcriptionn and, consequently, requires enhancer sequences that function 
efficientlyy in the infected cell. The proviral enhancer is also required to 
activatee nearby located genes (Section III.A). Therefore, the cell type that 
effectivelyy replicates the virus is almost invariably also the cell type from 
whichh tumors arise. Regulatory sequences including potent enhancer 
elementss are located in the U3 region of the LTR (Graves et al., 1985; Graves 
etet al., 1986; Laimins et al., 1984). These elements respond to specific 
transcriptionn factors and the abundance of these proteins in the infected cells 
determiness the transcription rate of viral genes and, thereby, both virion 
productionn and the capacity to activate nearby located genes. Differences in 
thee LTR, in particular the U3-region, influence the tumor-specificity of the 
retroviruss as is shown by swapping the M-MuLV U3 region with the U3 region 
off the erythroid-specific Friend's murine leukemia virus (F-MuLV) into F-MuLV 
resultingg in the induction of T cell lymphomas (Chatis et al., 1983; Chatis et 
al.,al., 1984; Golemis et al., 1989) iii , Superinfection : Since tumor formation 
requiress mutations in multiple genes, the question arises how retroviruses can 
catalyzee this process. If we assume for reasons of simplicity that proviral 
insertionss are randomly distributed over the genome, the provirus has to insert 
intoo a stretch of 30 Kb to affect a specific gene, and all cells are 
simultaneouslyy infected by two retroviruses, then only one out of 150,000 
infectedd cells will carry such a proviral insertion. Transformation is often 
achievedd through the activation of at least three synergizing genes (Hanahan 
andd Weinberg, 2000) meaning that only one of 4x1016 cells will have acquired 
thee required alterations by chance. This obviously cannot occur in mice simply 
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onn the basis of concomitant retroviral infections. The mechanism for the 
efficientt transformation of a cell by insertional mutagenesis therefore requires 
consecutivee infections, of which each tumor inducing insertion mediates the 
selectivee expansion of that particular cell clone. Re-infection is not 
straightforward.. Once a cell has been infected and viral envelope proteins are 
produced,, the SU coat will occupy the receptors on the cell surface. The SU 
coatt on the receptor inhibits re-infection of the cell. In mice, this resistance to 
superinfectionn is circumvented in two ways: i, by the generation of viruses -
throughh recombination with endogenous sequences encoding distinctive 
envelopes-- that can enter cells through other receptors. A renowned example 
iss mink cell focus-forming (MCF) viruses that almost invariably arise during 
murinee leukemia virus infection of mice. These MCF viruses carry an Env-
genee encoding a chimeric SU (Elder et al., 1977). The chimeric SU protein 
bindss a receptor distinct from the receptor used by ecotropic SU allowing re-
infectionn of the infected cell. In addition, MCF viruses might stimulate the 
tumorigenicc process by stimulating T cell proliferation through interaction with 
thee IL-2 receptor (Li and Baltimore, 1991). Although the formation of MCF 
virusess augments the tumorigenicity of retroviruses in mice (Belli et al., 1995), 
recombinantt viruses are not required per se for the development of tumors as 
M-MuLV-infectedd rats do efficiently develop T cell tumors without the 
generationn of recombinant viruses (Lemay and Jolicoeur, 1984; Steffen, 1984; 
Tsichliss et al., 1983). This might relate to a second mechanism enabling 
superinfection.. Superinfection will occur without interference in case the 
alreadyy integrated proviruses do not encode functional envelope glycoproteins 
(Berkowitzz and Goff, 1993). This is likely to occur quite frequently as a result 
off mistakes made during reverse transcription (no proofreading functionality) 
orr as a result of recombination events. We have observed that a substantial 
fractionn of MCF glycoprotein genes cloned from tumors appeared to be 
defectivee (unpublished observations). Cells carrying such defective proviruses 
wouldd allow more efficient accumulation of additional oncogenic insertions 
and,, therefore, cells carrying such insertions would be overrepresented in the 
resultingg tumors. This also explains why tumors can accumulate so many 
proviruses. . 

II.. Provira l taggin g 

A.. Retrovira l insertiona l mutagenesi s 
Sloww transforming retroviruses transform cells via insertion of the provirus in 
thee host genome. If a proviral insertion provides a selective advantage to the 
cell,, that cell will expand preferentially. This latter population is an ideal target 
forr subsequent infections making alterations of co-operating genes statistically 
feasible.. This process, in which the cells will acquire neoplastic features at 
somee point, continues until the tumor has reached the size and properties that 
willl kill the host. 
Inn principle, the provirus-mediated alterations of endogenous genes yielding a 
contributionn to tumorigenesis can be subdivided into two groups, activation of 
proto-oncogeness and inactivation of tumor suppressor genes. The number of 
provirall activations of proto-oncogenes surpasses by far the number of 
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inactivationss of tumor suppressor genes, at least as far as known tumor 
suppressorr genes is concerned. This is to be expected. A prototype tumor 
suppressorr gene wilt only provide a selective advantage if both alleles are 
inactivatedd and therefore insertions in tumor suppressor genes, unless these 
causee haploinsufficiency or a dominant negative protein, will not be selected 
forr during tumorigenesis. The tumor suppressor genes P53 and Nf1 are two 
exampless that were inactivated by independent proviral insertions, sometimes 
evenn on both alleles (Ben David etal. 1988; Buchberg era/., 1990). 
Thee activation of genes by proviral insertions can be achieved in a number of 
wayss (Figure 3). The provirus can integrate upstream of a gene in the same 
transcriptionall orientation. This type of insertion is designated a promoter 
insertion,, since transcription of the downstream endogenous gene is initiated 
fromm the viral promoter sequences in the 5' or 3' LTR. Promoter insertions 
wheree the transcript is initiated from the 5'LTR usually yield fusion transcripts 
ass a result of transcript splicing using the splice donor (SD) or cryptic SD sites 
withinn the viral DNA toward the second exon or, in case a cryptic splice 
acceptorr is present, the first exon of the endogenous gene (Voronova et al., 
1987;; Mikkers et al., 2002). In many tumors carrying promoter insertions the 
5'' LTR is deleted suggesting that removal of the 5' LTR promotes the 3' LTR 
drivenn transcription of the endogenous gene (Westaway et al., 1984). 
Promoterr insertions can also occur in the first intron of a gene. The 
endogenouss transcript is truncated by the poly-adenylation signal in the 
provirus,, but the provirus promotes transcription of the exons downstream of 
thee provirus. In case the start codon is located in the second exon as holds for 
c-Mycc-Myc or c-Fms a full-length protein will be produced (Fung et al., 1982; 
Gisselbrechtt et al., 1987), otherwise, as holds for c-Myb insertions, a 
truncatedd protein using an alternative start codon will be expressed 
(Mukhopadhyayaa and Wolff, 1992). In addition, proviral insertions within a 
genee in the opposite transcriptional orientation can truncate the encoded 
proteinn by the presence of a cryptic poly-A site in the virus. Protein truncations 
cann be either activating or inactivating mutations although the majority, as 
indicatedd above, is activating. An example is proviral insertions in intron 7 of 
Tpl2Tpl2 yielding a truncated but constitutively active serine/threonine kinase 
(Makriss et al., 1993; Patriotis etal., 1993). Proviral insertions can also 
stimulatee transcription of genes from their authentic promoters through the 
activityy of the enhancer sequences contained within the LTRs. Enhancer 
insertionss can act over large distances. The transcription factors that can bind 
too the viral enhancer sequences such as ETS, CBF and bHLH proteins can 
up-regulatee the transcription of nearby genes (Gunther and Graves, 1994; 
Nielsenn et al., 1992; Sun etal., 1995; Wotton etal., 1994). Enhancer 
insertionss are found either upstream or downstream of the gene. 5' insertions 
aree in the inverse transcriptional orientation from the gene and 3' insertions 
aree in the same transcriptional orientation. The group of 3' enhancer 
insertionss also includes insertions within the gene transcript. These insertions 
removee untranslated sequences from the mRNA of the inserted genes as now 
mRNAA transcription is terminated at the polyadenylation site present in the 5' 
LTR.. If the 3' UTR region harbors destabilizing motifs such as is the case for 
Pim1,Pim1, a frequent target in retrovirally-induced lymphomas, the truncated RNA 
iss stabilized and concomitantly protein translation is increased (Cuypers et al., 
1984a;; Seltenefa/., 1985). 
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Figuree 3. Mechanisms used by the provirus to affect transcription of endogenous genes. The 
M-MuLVV LTR contains enhancer and promoter sequences in the U3 region and a 
polyadenylationn signal (pA) in the R region. These elements are utilized to deregulate 
endogenouss genes, a) Promoter insertions in which the proviral promoter is used to drive 
transcriptionn of a downstream endogenous gene, b) Protein truncation originates from proviral 
insertionss within a gene via termination of the endogenous transcript using the viral poly-A (I) 
orr a cryptic poly-A (II). c) The enhancer sequences in the U3 region can enhance transcription 
off an endogenous gene that lies either downstream (I) or upstream (II) of the provirus. 
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B.. Isolatio n of provira l tags 
Thee most instrumental feature of retroviral insertional mutagenesis is that 
provirall insertions directly mark the position of genes causally related to the 
transformationn process by insertion of unique viral sequences into the host-
genome.. These sequences can be utilized as a tag to identify the flanking 
sequencess of the host genome. While in the early days the proviral insertion 
sitess were cloned by the generation of phage libraries of the tumor DNA the 
introductionn of PCR techniques has replaced these laborious cloning 
proceduress and now enables isolation of proviral insertion sites on a large 
scale.. Using known LTR sequences to generate primers the genomic 
sequencess flanking the provirus can be easily amplified. Amplification can be 
achievedd in two ways, inverse PCR (IPCR) or adaptor-based PCR (Figure 4). 
Bothh techniques involve the enzymatic restriction of the tumor DNA followed 
byy either DNA ligase-mediated circularization or ligation of a DNA adaptor 
moleculee to the tumor DNA fragments. The use of methylation-insensitive and 
-sensitivee enzymes allows amplification of either the majority of proviral 
insertionss or the insertions adjacent to CpG islands, i.e. transcribed genes (Li 
etet al., 1999; Nakamura era/., 1996). In the IPCR reaction both PCR-primers 
onlyy anneal to the known proviral LTR DNA, whereas the adaptor-mediated 
PCRR utilizes a reverse adaptor-specific primer and a forward LTR-specific 
primerr to amplify the genomic sequences flanking the provirus. In order to 
avoidd amplification of non-specific DNA fragments the splinkerette, which is 
thee adaptor of choice, contains two gadgets (Devon et al., 1995; Hengen, 
1995).. The bottom strand of the splinkerette lacks the 5' phosphate and forms 
aa strong hairpin. Absence of the 5' phosphate group prevents covalent linkage 
off the bottom DNA-strands and, therefore, denaturation of the DNA 
dissociatess the bottom-oligo from the ligated DNA fragments. The hairpin is 
elongatedd in the subsequent extension step yielding a stable DNA structure 
thatt is excluded from the reaction. Since the hairpin is not complementary to 
too the upper-strand, the splinkerette primer cannot anneal until a fully 
complementaryy bottom-strand is formed by extension from the virus-specific 
primer.. The IPCR or splinkerette amplified fragments are isolated either 
directlyy from gel or via cloning into bacterial hosts and subsequently 
sequenced.. Rapid automated sequencing procedures together with the recent 
launchh of the complete mouse genome sequence has placed high-throughput 
analysiss of proviral insertion sites within reach and provides excellent 
opportunitiess for retroviral insertional mutagenesis studies. 

C.. Provira l tag databas e 
High-throughputt identification of proviral insertion sites has created a new 
perspectivee for retroviral insertional mutagenesis since all identified proviral 
insertionn sites can now be deposited to two directly mirrored databases of 
provirall tags http://protaqDB.nki.nl and http://qenome2.ncifcrf.qov/RTCGD) 
(Suzukii et al., 2002; Mikkers et al., 2002; Lund et al., 2002). The continuous 
supplyy of novel identified proviral tags to this database, yielding a permanently 
increasingg number of insertion sites, has vastly extended the power of this 
methodology.. Before the extensive expansion of the number of tags, a 
cancer-inducingg locus required the presence of two or more proviral insertions 
inn the same locus in independent tumors. Such a locus was designated a 
commonn insertion site (CIS). The basis for this was that the 
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Figuree 4. PCR techniques to identify the provirus flanking sequences. Both the inverse PCR 
(IPCR)) and the splinkerette-PCR involve one ligation and two amplification steps before the 
amplifiedd fragments can be sequenced. 

insertionn of a provirus into the same locus in two independent tumors is 
statisticallyy so unlikely, that the finding of such CIS could only be explained by 
thee selective growth advantage of tumor cells carrying a provirus at that locus. 
Thee accumulating nature of the Protag database demanded a modification of 
thee criteria for CIS that drive tumorigenesis, since the chance of the presence 
off two or more random independent proviral insertions in the same region will 
increasee with the total number of isolated proviral insertions. Hence, the 
expectedd number of CISs consisting of two or more random insertions has 
beenn calculated for the number of tags isolated (Table I) (Suzuki ef a/., 2002; 
Mikkerss ef a/., 2002). The expected frequency (Efr) is however likely an 
underestimationn of the true frequency of random CIS clusters, since proviral 
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Tabl ee I. Predicted Frequencies of Random Proviral Insertions in the Mouse Genome 

No.. Taas 

10000 0 

5000 0 

2500 0 

2000 0 

1000 0 

500 0 

Expecte dd No . Rando m CISs* 

£f rr  = 
0.001 1 

10 0 

5 5 

2.5 5 

2 2 

1 1 

0.5 5 

Thee expected 

Ef r == Efr = 
0.0055 0.01 

500 100 

255 50 

12.55 25 

100 20 

55 10 

2 55 5 

numberr of CISs 

22 Insertion s 

Efrr  = 
0.001 1 

0.266 Kb 

0.55 Kb 

1.044 Kb 

1.33 Kb 

22 6 Kb 

5.22 Kb 

iss the 

Efrr  = 
0.005 5 

11 3 Kb 

22 6 Kb 

55 2 Kb 

66 5 Kb 

133 Kb 

266 Kb 

mean n 

Efrr  = 
0.01 1 

22 6 Kb 

5.22 Kb 

10.44 Kb 

133 Kb 

266 Kb 

522 Kb 

33 Insertion s 

Efrr  = 
0.001 1 

122 Kb 

244 Kb 

477 Kb 

599 Kb 

116Kb b 

2366 Kb 

Efrr  = 
0.005 5 

277 Kb 

544 Kb 

1088 Kb 

1355 Kb 

2699 Kb 

5388 Kb 

Efrr  = 
0.01 1 

399 Kb 

777 Kb 

1555 Kb 

1933 Kb 

3866 Kb 

7722 Kb 

numberr of clusters for n= 

Efrr  = 
0.001 1 

500 Kb 

999 Kb 

1988 Kb 

2488 Kb 

4955 Kb 

9911 Kb 

44 Insertion s 

Efrr  = 
0.005 5 

888 Kb 

1766 Kb 

3511 Kb 

4399 Kb 

8788 Kb 

17577 Kb 

=  experiments 

Efrr  = 
0.01 1 

1133 Kb 

2277 Kb 

4544 Kb 

5677 Kb 

11344 Kb 

22677 Kb 

bThe e 
expectedd fraction (Efr) indicates the fraction of the total number of proviral insertion sites 
expectedd to be a random CIS cluster within the depicted distance. For example, 2500 tags will 
containn 2.5 CISs consisting of 2 random insertions within 1.04 Kb, 2.5 CISs of 3 random 
insertionss within 47 Kb, etc. 

insertionss into the genome do not occur randomly (Mooslehner et a/., 1990; 
Mullerr and Varmus, 1994; Rohdewohld et a/., 1987; Scherdin et at., 1990; 
Vijayaa et a/., 1986). Fortunately, the chance of random CIS clusters harboring 
threee or more proviral insertions is relatively small, and three or more proviral 
tagss found in a CIS provide a strong argument for its involvement in the 
tumorigenicc process. Although the ProtagDB helps in determining CISs, the 
presencee of a cancer-inducing gene at that site requires both evidence for 
alteredd expression of the candidate gene and subsequent formal proof that 
overexpressionn or disruption of this gene contributes to tumorigenesis in a 
definedd in vitro or in vivo model system. 

IV.. Provira l taggin g and its promise s 

A.. Provira l taggin g in wild-typ e mice 
Duringg the last two decades retroviral insertional mutagenesis in wild-type 
micee has revealed a large number of genes primarily contributing to 
hematopoieticc and mammary tumors (Table II). The hematopoietic tumors 
consistt of T- and B lymphoid, erythroid, and myeloid lineage tumors. Recent 
studiess utilizing high-throughput analysis of proviral insertion sites in tumors 
derivedd from mice of distinct genotypes have multiplied the total number of 
cancerr loci (Suzuki et a/., 2002; Mikkers et a/., 2002; Hwang et a/., 2002; Lund 
etet a/., 2002) (Table II and III). The group of Neal Copeland identified CISs in 
tumorss derived from the inbred strains BXH2 and AKXD. These mice develop 
spontaneouss myeloid and lymphoid tumors, respectively, because their 
genomee harbors endogenous ecotropic MuLVs (Bedigian et a/., 1981; Gilbert 
etet a/., 1993; Mucenski et ai, 1986). Three other groups investigated the 
provirall insertion sites in mice predisposed to cancer (Sections IV.B. and 
IV.C).. In total, these studies identified 190 novel CISs. Comparison of all 
singlee proviral insertion sites (-2500) identified in these three studies yielded 
155 additional novel CISs. This observation underscores the notion that the 
accumulationn of proviral insertion sites enables the detection of rare, but true 
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Tablee III. Novel common insertion sites in wild-type, Cdkn2a''\ p27kip~l"and Ep.Myc tumors. 

CISS Nam* 

Evi33Evi33

E w 3 4 4 

F w 4 6 6 
Ev/49 Ev/49 
Nk,3 Nk,3 

£ « 5 ii Nfci5 
Evr157/Nk,7 Evr157/Nk,7 

E*'62 E*'62 
Ew59 Ew59 
EvSO EvSO 

Ev>l62 Ev>l62 
Ev<25 Ev<25 

EE w64/Nkt14 
EE «71 
EÏ'23 EÏ'23 

Ev<$2 Ev<$2 
Ev<2* Ev<2* 
Ev<94 Ev<94 
EV-9S S 
Ev,3f Ev,3f 
Os6 Os6 

3 3 
Nf'24 Nf'24 

DumlG DumlG 
Dkm<17 Dkm<17 

Eviise Eviise 

OS11 OS11 

E*tH2 E*tH2 

OsOs 12 
Evi121 Evi121 

C J S J J J 

Evr22 2 
Evr13 Evr13 

Ev,J28 Ev,J28 

Ev<133 Ev<133 

Ev>138 Ev>138 
Ev>136 Ev>136 
Ev>140 Ev>140 
Nki37 Nki37 

Evi32 Evi32 
Evi69 Evi69 

Candidatee G»n« 

Mrf1 1 

Npas2 Npas2 

iei0007D2lR,x iei0007D2lR,x 
Z!p217 Z!p217 
Zfbx1t> Zfbx1t> 

M^M^ f 2d 
Nfkbl Nfkbl 

fdbl/fdbl/ E212 
BachBach 2 
Pax5 Pax5 
Ktf-t Ktf-t 

KIAA1Q76 KIAA1Q76 
K)f3 K)f3 

Cutn Cutn 
0HLHÖ3 0HLHÖ3 

Zfp296 Zfp296 
Z!p36 Z!p36 
Watt Watt 
Eo*c2 Eo*c2 

Cöfa2t3n Cöfa2t3n 

Lytl Lytl 

Zn(220 Zn(220 
Warfh3 3 
TenTen 2 

Stat Stat 
ZnhiioJ ZnhiioJ 

ND ND 
K4e(2c K4e(2c 
Sox4 Sox4 

Rarg Rarg 

8r12 8r12 

Bgn Bgn 
Nfkb2 Nfkb2 
ElfElf 4 

ftfcoa? ftfcoa? 
Ncor2 Ncor2 

P r o t e i nn F a m i l y M o u 

TranachtumnTranachtumn  Factor 

DIFFERENTIATIONN SPECIFIC 
b H L H H 

ZINCC FINGER 
ZINC-F lNGERR KRUEPPLE TYPE 

H O M E O B O X X 
MYOCYTE-SPEC lF lC C 

R E L ' D O R S A L - R E L A T E D D 

UNSPECIF IED D 
PAIREDD BOX 

ZINCC FINGER 
ENHANCERR OF ZESTE RELATED 

ZINCC FINGER 
H O M E O B O X X 

ZINC-FINGERR K R u E P P L E TYPE 
ZINCC FINGER 

NFAT-RELATEDD T-CELL 
FORKK H E A D 

ÈTOO RELATED 

JUN-RELATED D 
Z i N C F l N G E R R 

S M A D R E L A T E D D 

CCAATT BOX-BINDING 
ZINC-FINGER,, K R u E P P L E TYPE 

S T A T - R E L A T È D D 

ZINCC FINGER 
ZINC-FINGER R 

M Y O C V T E - S P E C l F l C C 
H M GG BOX-RELATED 

ZINC-FINGER R 

P J - 11 INTERACTING 
NUCLEARR H O R M O N E RECEPTOR 

RUNTT RELATED 

HAIRY-RELATED D 
PUTATIVEE NUCLEAR 

MICRR OPH TA LM EA-R ELA T E D 
ZINC-FINGER R 

MFAT.RELATED,, T.CELL 
ZINC-FINGER R 

R E L . D O R S A LL RELATED 
ETS-re ia ted d 

TranscriptionalTranscriptional  Inhibitor.  Coac^lvator 

NUCLEARR RECEPTOR COACTIVATQR 
NUCLEARR R E C E P T O R C Q R E P R E S S O R 

** C h r . Huma n C h r . 

ii 1 
ii 2 p ' l 2 - q l 3 
22 20pler-f l11 2 3 

22 2Qq13 2 
22 2q22 
33 1ql?-q23 
33 4q24 

44 l p 3 6 13-p36 12 

44 9-q31 
bb '2 
55 4p16 1-p15 2 
55 Tq22 
66 I 2p11 23-p12 1 

77 19q , ' 3 -
BB 1 6 q £ ? l 
88 1 6 q 2 M 6 q 2 4 

88 16q24 
ee i s p i ï 2 
88 19p13 2 
aa B p ' i 
99 15q14-q1& 

99 15q21 
00 19p13 3 
00 6q21-q22 1 

11 17Q112 

11 17q112 
22 14q24 3 

33 6p22 3 
33 6p24-p22 3 
33 6p25-p23 
55 I 2 q ' 3 
66 21q22 3 
66 3 q 2 8 q 2 9 
77 2p22 3-p21 
77 6 p 2 l 
77 6q2? 
BB I6q23 
ÖÖ 5q3? 1 
99 10q24 

XX Xq25-26 3 

11 Bp22-q21 1 
55 12q24 

C I SS N a m e C a n d i d a t e G e n t P r o t e i nn F a m l K Mourn ** C h r . H u m a n C h r 

Camkk2 Camkk2 
KSAAQ965 KSAAQ965 

Jak2 Jak2 

l2üOOl3B08Rik l2üOOl3B08Rik 

ChrontatlaChrontatla  Remodvilmq 

N U C L E O S O M EE A S S E M B L Y ; SER/THR KINASE 
H M GG BOX 

HISTONEE A C E T Y L T R A N S F E R A S E 
SUPPRESSORR OF TY4 H O M O L O G 

BRÜMOO DOMAIN 'R ING PROTEIN 
H M GG BOX 
H M GG BOX 

PrOtwiitPrOtwiit  Kinase 

T Y R O S I N E E 
SER/THR R 

A D E N Y L A T E E 
CALMODULINN DEPENDENT 

SER/THR R 
PHOSPHATIDYLL INOSITOL 

T Y R O S I N E E 
TYROSINE E 

ProteinProtein Phosohataam 

TYROSINE E 
TYROSINE E 

TYR7THR R 
DIACYLL G L Y C E R O L 

REGULATORYY SUBUNIT 
TYROSINE E 

TYR/THR R 

CytokineCytokine  Growth  Factor 

INTERLEUKIN N 
M O R P H O G E N N 

INTERLEUKIMM I INTERFERON R E G U L A T O R Y FACTOR 
G R O W T HH FACTOR 

Ew36 Ew36 
Evi41 Evi41 
Er'54 Er'54 

C m ss ID 

£ « ! ! ! 
£ « 6 3 3 

Dkm9/NkitS Dkm9/NkitS 

EviU6 EviU6 
£ n 7 6 6 

TnfrsflTnfrsfl U 
Crry Crry 

Cnr2 Cnr2 
Epha2 Epha2 

Kar Kar 

C J a r f f 
FzdS-rs FzdS-rs 

UMORR NECROSIS FACTOR RECEPTOR-RELATED 
C O M P L E M E N T - R E L A T E D D 

NOTCH-RELATED D 
VfTAWINN O 

CANNABINOID D 
TYROSINEE K l N A S E - R E L A T E D 

G R O W T HH FACTOR 
C O M P L E M E N T T 

FRI2ZLED-RELATED D 
GROWTHH FACTOR 

C Y T O K I N E E 
P L A S M I N O G E NN UROKINASE 

PROLACTT IN-RELATED 
INTERFERON N 
S C A V A N G E R R 

Spltping Spltping 

12p13 3 
1p155 5 
17q22 2 

1 2 p t e t - p 1 3 3 l l 
ND D 

15q.266 3 
16p111 2-12 1 

1 9 q l 3 3 
5 p 1 33 p12 
2 1 q 2 22 11 

Ev,65 Ev,65 
Evi74 Evi74 
Evi20 Evi20 

Fnbpd Fnbpd 
R g s l l 

Pkig Pkig 

OU2 OU2 
Psn Psn 
II fr ig 

G n e l ? ? 
Calm? ? 
Ga6< < 

t'Sl t'Sl 
EpSl^'5 EpSl^'5 
Plekha2 Plekha2 
M*nfc? ? 
t a s p t t 

G r t 7 '' Znlla 
Gga3 Gga3 
llgbt llgbt 

MMBSBS,e2 ,e2 

Cabp! Cabp! 

BclW BclW 

SC60404? SC60404? 

FORMINN BINDING 
REGULATORR OF G-PROTEIN SIGNALING 

PROTEINN KINASE INHIBITOR t 

FORMINN BINDING f 

NOTCH H 
LIMM DOMAIN ; 

NOTCHH s 

G-PROTEINN E 
CALCIUMM BINDING € 

IGRB22 INTERACTING g 

6 R B 22 INTERACTING Ë 
EGFF RECEPTOR SUBSTRATE fi 

PHH DOMAIN e 
MAPP KINASE INTERACTING 1 

L IUU AND SH3 DOMINS 1 
DOCKINGG PROTEIN' TRANSCRIPTION FACTOR 1 

SIGNALL TRANSDUCING ADAPTOR 1 
INTEGRINN 1 

APCC BINDING PROTEIN-RELATED 1 

CALCIUMM BINDING 1 

APOPMS/ J J 

B-CELLL LEUKEMIA LYMPHOMA 3 
BCL2-RELATEDD 3 

APOPTOSISS INHIBITOR-RELATED b 

ACTINN CROSS LINkiNG 
CORONIN-RELATEDD ACTIN BINDING 

ACTINN BUNDLING 
C O R O M N - R E L A T E DD ACTIN BINDING 

ACTINN BINDING 

CmsS CmsS 
DkmtS DkmtS 
Nki2 Nki2 

Ev>50 Ev>50 
EvilEvil 54 

C,s2 C,s2 
Nki9 Nki9 

Dkmia Dkmia 
C i f i s l f f 
milmil 2 
NkH3 NkH3 
EE v -6 f 

Ev>29 Ev>29 
Dkm,Dkm, JO 

NO NO 
fVD D 

Ggtal Ggtal 

231QQ42GQ6Rik 231QQ42GQ6Rik 
ND ND 
ND ND 

Rabggtb Rabggtb 
Cla3 Cla3 
ND D 

2610?OOM23Rik 2610?OOM23Rik 
Gnb1 Gnb1 

ND ND 

ND ND 
ND ND 

170002BPQ5Rtk 170002BPQ5Rtk 
ND ND 

RASS GAP 
RAS-RELATED D 
R A S R E L A T E D D 

RASS GRP 

CARCINOO EMBRYONIC ANTIGEN 
B-CELLL TRANSLOCATION GENE 

NUCLEARR PROTEIN 
FABRILL ASSOCIATED COLLAGENS 

GALACTOSYLL TRANSFERASE 

GERANYLL TRANSFERASE 

GUANINEE NUCLEOTIDE BINDING 

HEPARANASEE RELATE 

C H R O M O S O M EE SEGREGATION 

E v 9 6 6 
Dkm'14 Dkm'14 
Evf97 Evf97 

Pknvlï Pknvlï 

CisS S 

Evies Evies 

Orf24 Orf24 
ND ND 

Orf?JJ » e 
« D D 

NOIMshra NOIMshra 

Pgls Pgls 

ND D 
ND D 
ND D 
ND D 

ND/RECEPTOR R 

6 -PHOSPHOGLUCONOLACTONASE-RE E 

EE vi 100 
Nki2S Nki2S 

E*,151 E*,151 

EvilEvil 2 
Dkmi19fDkmi19f Nki27 

27QQ018NQ 27QQ018NQ 
Ga'ffIT T 

ND ND 
TrBl TrBl 

HbsH HbsH 

CmslO CmslO 

E w l J I I 
emu? ? 
£« ! !8 8 
Evi120 Evi120 
Ev>19 Ev>19 
« l i 3 3 3 
Ewl22 Ewl22 
Evi26 Evi26 

Evi>63 Evi>63 

CisU CisU 
Dkmi22 Dkmi22 
E*126 E*126 
Dkmi23 Dkmi23 
Dkim24 Dkim24 

E « I 3 » » 
M i » » 
E v i ll 37 
EY'136 EY'136 
Dkmi27 Dkmi27 

CJns)5 5 
Cins21 Cins21 

Dph2l1 Dph2l1 

290007OE19R 290007OE19R 
BGorosi? ? 
BC003495 BC003495 

Cplx2 Cplx2 

HD HD 
BG0&2S40 BG0&2S40 

Ra.17 7 
Ate" Ate" 

ND ND 
Kcnh3/Kcnh3/ ND 

S H 3 3 
ND ND 
ND D 

KlhO KlhO 
ND ND 

K1AA12S1 K1AA12S1 
Egrl Egrl 

FOiwt FOiwt 
WD D 
ND D 

STROMALL ANTIGEN-RELATED 

TRANSFERASE E 
ND D 

TUMORR REJECTION ANTIGEN 
ELONGATIONN FACTOR 

EGF-LIKEE DOMAIN-CONTAINING 
ND D 

INTERFERONN GAMMA INDUCIBLE 

IMMUNOGLOBULINN HEAVY CHAIN-F 
COMPLEKIN N 

HMG-COAA REDUCTASE 

DNAJ-RELATED D 

AMINOO ACID TRANSPORTER 

KELCHH RELATED 

24 4 



IntroductionIntroduction I 

tumorigenic,, proviral targets. The capacity of RNA tumor viruses to tackle most 
commonn signaling pathways is illustrated by the wide variety of proviral targets 
inn these tumors. Genes encoding receptors, growth factors, protein kinases, 
transcriptionn factors and GTP exchange factors were identified as the prime 
candidatess affected by the proviral insertions. However, further in-depth 
analysess of the majority of these cancer loci are required, since proviral-
mediatedd alterations of the transcripts encoded by the candidate genes have 
onlyy been addressed in a few cases (Table II). 

B.. Sensitize d screen s 
Thee initial selective advantage mediated by a proviral insertion creates a pool 
off cells carrying this primary event. Subsequent distinct proviral insertions that 
providee additional selective advantage, i.e. co-operate with the initiating 
mutations,, will contribute to a further and more rapid expansion of a specific 
subclonee of these cells. This cancer evolution process will continue until the 
hostt succumbs to the tumor (Figure 5). The majority of proviral insertions in 

Figuree 5. Retroviral infection creates a selection process of step-wise tumorigenesis. Every 
subsequentt proviral hit that collaborates with the previous proviral insertion(s) will yield an 
additionall selection advantage leading to the expansion of this specific subclone of cells. 

onee tumor clone, therefore, affect genes that collaborate in the development 
off the tumor. This holds true for at least a substantial fraction of the proviral 
insertions.. An appreciable number however still represents insertions that do 
nott contribute to the tumor. These "piggy-backing" insertions will not or only in 
raree cases qualify as CIS as defined in table I (section III.C). In fact, the 
studiess discussed in this section reported that -50% of the isolated proviral 
insertionn sites belong to a CIS (Mikkers ef a/., 2002). Based on the tumor 
"evolution"" model a detailed analysis of the tumors would enable the 
assignmentt of proviral insertion sites, and the corresponding altered genes, to 
groupss of genes with a similar role in tumorigenesis. Hence, genes belonging 
too one complementation group should share at least one oncogenic function. 
Iff the cells have already acquired a selective advantage via a germline 
transmittedd oncogene or inactivated tumor suppressor gene, retroviral 
insertionall mutagenesis will specifically select for events that collaborate with 
thee pre-existing alteration. We also illustrate that retroviral insertional 
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mutagenesiss in genetically predisposed mice offers the possibility to focus in 
onn specific oncogenic signaling pathways. 

1.. Provira l taggin g in oncomic e 
TaggingTagging in EfiMyc mice 
C-MycC-Myc is one of the most frequent targets of a slow-transforming retrovirus in 
wild-typee mice infected with leukemia viruses. (Corcoran et a/., 1984; Dreyfus 
etet ai, 1990; Neil era/., 1984; O'Donnell era/., 1985; Selten et ai, 1984). 
Hence,, c-Myc transgenic mice provide an excellent setting to test the validity 
off proviral tagging in a sensitized background. Although tagging experiments 
inn different Myc transgenic backgrounds have been performed with similar 
resultss (Girard and Jolicoeur, 1998; Jonkers et ai, 1997; Sheppard et ai, 
1998;; Stewart et ai, 1996), we will discuss these data obtained via proviral 
taggingg in EfiMyc transgenic mice (van Lohuizen et ai, 1991). The EyMyc 
transgenee is derived from a translocation found in a murine plasmacytoma 
juxtaposingg the enhancers of the immunoglobulin heavy chain to the proximal 
regionn of the c-Myc gene (Adams et ai, 1985). The transgene mediates 
enhancedd expression of c-Myc in predominantly B lineage cells. The mice that 
carryy this transgene succumb to B cell lymphomas resembling human non-
Hodgkinn lymphomas (Adams et ai, 1985; Alexander era/., 1987; Langdon et 
ai,ai, 1986). Infection of the Eu/Wye mice with M-MuLV accelerates the 
oncogenicc process threefold as compared to M-MuLV infected wild-type 
littermates,, confirming that the Eu/Wyc transgene confers a strong 
predispositionn to lymphomagenesis. Although M-MuLV infection normally 
yieldss T cell lymphomas, the majority of tumors induced in this setting are B 
celll lymphomas (-75%) underscoring that the B cell specific expression of the 
oncogenee influences the cell type that is transformed upon retroviral infection 
(Hauptt et ai, 1991; van Lohuizen et ai, 1991). Intriguingly, a significant 
percentagee of the T cell lymphomas that do arise in this background show 
provirall insertions either near the c-Myc transgene or the endogenous Myc 
gene.. In addition, a substantial number of these T cell tumors carry proviral 
insertionss near E2a resulting in enhanced E2A and, consequently, E\xMyc 
levelss further emphasizing the prerequisite for MYC expression in 
lymphomagenesiss (Mikkers et ai, 2002). Analysis of the Eu/Wyc tumors also 
revealedd that a large proportion of the tumors carry proviral insertions near 
Pim1Pim1 or Pim2 resulting in higher levels of either of these endogenous 
serine/threonineserine/threonine kinases (Haupt er ai, 1991; van der Lugt et ai, 1995; van 
Lohuizenn et ai, 1991). The strong co-operation between Myc and Pirn genes 
wass later confirmed in E\iMyc\E\iPim1 and E\\.Myc\ E\iP'tm2 double 
transgenicc animals that already succumbed perinatally to pre-B cell leukemias 
(Allenn etai, 1997; Verbeek et ai, 1991). The majority of the B cell lymphomas 
thatt carry activations of either Pim1 or Pim2 also contain proviral insertions 
affectingg the expression of a third gene, Bmi1, indicating that c-Myc, Pirn and 
Bmi1Bmi1 collaborate in B cell lymphomagenesis (Haupt etai, 1991; van Lohuizen 
etet ai, 1991). Subsequently, it was shown that the polycomb group gene Bmi1 
synergizess with c-Myc by inhibiting c-MYC-mediated apoptosis via repression 
off p16lnk4a and p19Arf (Jacobs et ai, 1999). The relevance of these genes 
identifiedd by MuLV tagging in a sensitized background was illustrated by their 
rolee in human lymphoid malignancies such as the amplifications of BMI1 in 
mantle-celll lymphomas (Bea er ai, 1999; 2001) and PIM1 overexpression in 
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largee and diffuse large B cell lymphomas, respectively (Allen, unpublished 
results) ) 

2.. Provira l taggin g in knockou t mic e 
TaggingTagging in Cdkn2a-deficient mice 
Recently,, two tagging experiments were performed in mice lacking either the 
tumorr suppressor p27Kip or the Cdnk2a locus (Lund et al., 2002; Hwang et a/., 
2002).. Here, only the results from the Cdkn2a'/' mice will be discussed. The 
Cdkn2aa locus harbors the genes p16lnk4 and p 19**. Both Pl6INK4a and P14ARF 

aree key players in human cancer through their ability to regulate the activity of 
retinoblastomaa (RB) and P53, respectively (for review (Sherr, 2001)). In mice, 
thee disruption of the locus results in the spontaneous development of B and T 
celll lymphomas and sarcomas (Serrano et al., 1996). To identify genes that 
cann collaborate with the loss of the Cdkn2a encoded tumor suppressor genes 
insertionall mutagenesis was applied in these knockout mice. M-MuLV 
infectionn of the Cc//cn2a-deficient animals yielded tumors with a different 
markerr profile than obtained in M-MuLV infected wild-type animals. Although 
TT and B lineage lymphomas were induced, a large percentage of the tumors 
weree histiocytic sarcomas. This result once more illustrated that the tumor 
spectrumm generated by MuLV infection can be altered by the introduction of a 
genomicc alteration and highlights that one can manipulate the tumor spectrum 
byy the nature and cell type specificity of the sensitizing mutation(s). Extensive 
analysiss of the proviral insertions in the Cdkn2a'/' tumors via splinkerette-PCR 
andd IPCR showed that the definition of complementation groups is sound, 
sincee these tumors lack proviral activations of Bmi1, the repressor of both 
p16p16lnk4alnk4a and pl^. In contrast, collaborators of Bmi1 in oncogenesis such as 
thee Myc and Pirn genes were found. These results underscore the strong 
selectivee pressure of the initial genetic alteration on the nature of subsequent 
hits.. In addition, a number of novel loci that efficiently collaborate with loss of 
Cdkn2aCdkn2a and that are exclusive for the Cdkn2a'/' tumors (absent in wild-type 
tumors)) were identified (Table II). The most frequently activated gene in these 
tumorss was Tpl2, a known CIS. This serine/threonine kinase was originally 
identifiedd as a proviral target in rat T lymphoma cell lines (Makris et al., 1993; 
Patriotiss et al., 1993). The Tpl2 activations in the Cd/cn2a-deficient tumors 
were,, similar to the original Tpl2 insertions, in intron 7 leading to constitutively 
activee truncated kinase. The strong synergism between Tpl2 and loss of 
p16p16lnk4lnk4 and p l ^ was verified in subsequent Cd/fn2a-deficient murine embryo 
fibroblastt (MEF) experiments by the introduction of Tpl2. 

C.. Provira l taggin g in oncomic e wit h an oncogeni c pathwa y defec t 
Geneticc screens conducted in lower organisms such as yeast (Chang and 
Nurse,, 1996; Nasmyth, 1996), Drosophila melanogaster (Wassarman et al., 
1995),, and Caenorhabditis elegans (Metzstein et al., 1998; Sternberg and 
Han,, 1998) have helped to unravel signaling pathways. These screens are 
usuallyy based on the enhancement or suppression of a phenotype caused by 
aa known mutation in a particular signaling pathway. A classic example is the 
identificationn of the Ras pathway downstream of sevenless. As mentioned 
(Sectionn III.B.1) (Wassarman, et al., 1995), retroviral tagging in E^Myc mice 
yieldss predominantly B lymphoid tumors of which 50% show activation of the 
PIMM pathway by proviral insertions in either Pim1 or Pim2. This experiment 

27 7 



ChapterChapter I 

showss that in the presence of high c-MYC levels enhanced PIM signaling 
providess a selective growth advantage to these cells. Despite the fact that the 
PirnPirn genes are very potent oncogenes in murine lymphomagenesis, the 
signalingg pathways influenced by PIM overexpression are still elusive. A 
numberr of 'in vitro' substrates, such as CDC25C (Mochizuki et al., 1999), 
P1000 (Leverson era/., 1998), HP1y (Koike et al., 2000), PAP1 (Maita et al., 
2000),, TFAF2/SNX6 (Ishibashi era/., 2001), SOCS1 (Chen et al., 2002) and 
NFATCC (Rainio et al., 2002) have been identified, but it is uncertain which of 
thesee proteins are the critical substrates mediating the oncogenic effect of 
PIM.. To search for the oncogenic targets of PIM, an approach similar to the 'in 
vivo'vivo' enhancer screens as performed in lower organisms was employed 
(Figuree 6). Retroviral tagging was performed in EuJWyc transgenic mice that 
aree deficient for Pim1. The Pim1 gene is the most highly expressed Pirn 
memberr in lymphoid tissue. In lymphomas induced in E\iMyc;Pim1~'~ 
transgenicc mice approximately 90% of the lymphomas showed proviral 
activationn of Pim2. This experiment underscored the sensitivity of the screen 
too activate the PIM pathway. To pinpoint downstream substrates of the Pirn 
oncogenes,, this 'sensitized' tagging approach was repeated in EuJWyc mice 
thatt lack both Pim1 and Pim2. The tumors in these mice arose with a slightly 
increasedd latency (from 40 to 55 days), but showed identical lineage marker 
profiless as the E\iMyc;Pim1~/~ lymphomas suggesting that the PIM pathway is 
stilll activated. High-throughput isolation of the proviral flanks from 38 PimV'~ 
;Pim2';Pim2'//'' double knockout tumors resulted in the identification of a large number 
off novel CISs (Table II and III). Subsequent analysis of the control E\iMyc 
tumorss that are PIM proficient using the CISs as probes showed that eight of 
thee identified loci were exclusively found in Pim1 and P;'m2-deficient tumors, 

EtMyc EtMyc 

i>i>  r. 

V V 

uz_ _ 
SS tumor 

EuMycPimV-' EuMycPimV-' 

WmJJ PimZ 

Y/ Y/ 

Ei.iMyc:Pim1':Pim2-'-Ei.iMyc:Pim1':Pim2-'-

^Mpim? ^Mpim? 

Figuree 6. Proviral tagging in predisposed E\x.Myc mice lacking the Pim1 and Pim2 proto-
oncogeness leads to proviral activation of genes that can substitute for Pim1 and Pim2 in 
lymphomagenesis.. a) Pim1 and Pim2 are frequently provirally activated in M-MuLV induced 
lymphomass in the E^Myc background, b) Proviral tagging in En/Wye mice deficient for Pim1 
yieldss activation of Pim2 in 90% of the lymphomas, c) M-MuLV induced lymphomas in E\iMyc 
micee deficient for Pim1 and Pim2 carry proviral insertions affecting genes that can substitute 
forr Pim1 and Pim2, which act either as gene Y (Pim3) or genes downstream of (X) or parallel 
too (Z) the PIM pathway. 
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suggestingg that the affected genes can substitute for PIM1 and PIM2 in 
lymphomagenesis.. The identification of Pim3 as a gene that was activated in 
roughlyy 25% of the tumors further validated this "sensitized" genetic screen 
Thee CISs specific for Pim1/2 deficient tumors affected a variety of genes such 
ass Kit (tyrosine kinase receptor), Tpl2 (serine/threonine kinase) and Ccnd2 
(cell-cyclee regulator). The diversity of genes that can substitute for Pirn, of 
whichh none are previously identified as 'in vitro' substrates, implies that PIM 
likelyy plays a central role in a complex network of signaling pathways relevant 
forr transformation of hematopoietic cells. 

D.. Progressio n event s as identifie d in transplante d tumor s 
Thee insertion of a provirus into the host-genome initiates a selection process 
thatt progresses through continuing re-infection of cells and only ends when 
thee mice succumb to the tumors. Upon tumor isolation this process is still 
ongoing.. Consequently, the cells that carry events contributing to later stages 
off tumor development might not yet be present in all cells of the tumor. To 
facilitatee the identification of the alterations that contribute to either 
progressionn or metastasis of the tumor, the initial tumors can be transplanted 
too immune-compromised mice. Comparison of the proviral insertion sites 
betweenn the tumors before and after transplantation will yield information 
aboutt the specific contribution of the insertion sites that contributed to the 
growthh of the transplanted tumor, i.e. the insertions that are advantageous will 
bee selected for and therefore the number of cells carrying this specific 
insertionn will increase upon transplantation. Such a transplantation protocol of 
M-MuLV-inducedd Pim1 transgenic (EuP/'m7) tumors led to the identification of 
FratlFratl as a gene that confers a selective advantage during tumor progression 
(Jonkerss er al., 1997). This was confirmed in experiments in which a small 
percentagee of an established lymphoma cell line was transduced with 
FratHLacZFratHLacZ retroviruses. Injection of the mixture of transduced and non-
transducedd lymphoma cells into nude mice yielded tumors in which the Fratl 
expressingg population of cells was strongly enriched. 

E.. Provira l target s and thei r rol e in huma n cance r 
Althoughh the genes identified by proviral tagging and their contribution to 
cancerr in mice is informative on its own, the relevance extents much further 
andd has direct consequences for understanding cancer in man. Many of the 
targetss identified by proviral insertional mutagenesis also contribute directly to 
tumorigenesiss in man and the corresponding genes are often amplified, carry 
activatingg mutations, are located at translocation breakpoints, or are 
inactivatedd by mutation or deletion (Table IV). This overview also shows that 
thee significance of genes identified by proviral insertions is much broader then 
surmisedd from the tumors in which the insertions are found (predominantly 
hematopoieticc tumors), since a fraction of the genes affected by proviral 
insertionss in mouse hematopoietic tumors are found mutated in many other, 
non-hematopoietic,, human malignancies. This once more emphasizes the 
relevancee of distinct oncogenic pathways for a variety of different tumor types. 
Inn addition, the proviral targets that appear to be unique for the mouse tumors 
aree not necessarily less relevant for understanding and treating human 
cancer.. Proviral insertions likely mark components in signal transduction 
pathwayss that are frequently deregulated in human cancers. As such, they do 
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nott only delineate the specific oncogenic signaling branches of those 
pathways,, but they can also serve as potential targets for tumor intervention. 
Inhibitionn of these proteins might mitigate the effects of mutations upstream in 
thee pathway. 
Givenn the fact that hundreds of new targets can be identified with a rather 
limitedd number of animals at fairly low cost in a relatively short period of time, 
provirall tagging is probably the most powerful genetic method available today 
too find new cancer genes and to assign them to distinct signaling pathways. 
Thee efficiency with which these targets now can be identified and assigned to 
complementationn groups will even prompt appreciation of addicted Drosophila 
orr C.elegans geneticists. 

VV Futur e prospect s 

Inn this review we have discussed the utility of retroviral insertional 
mutagenesiss for a rapid detection of cancer genes, the characterization of 
synergizingg pathways in tumorigenesis, and the identification of specific 
componentss of these pathways. In addition, the recent establishment of a 
cumulativee proviral tag database (ProtagDB) makes the data additive. 
Thee identification of all these loci as critical mediators of the distinctive 
hematopoieticc tumors does not necessarily mean that the encoded proteins 
cannott play a role in the transformation process of non-related tumors. A large 
numberr of the genes identified as proviral targets in hematopoietic tumors 
suchh as c-Myc, Kit, P53 and Nf1 are notorious oncogenes or tumor 
suppressorr genes in different tumor types suggesting that at least a proportion 
off the results can be extrapolated to other tumor types {Section IV.E). One 
would,, however, still like to apply insertional mutagenesis to other tissues to 
mimicc a context-specific cancer environment. Unfortunately, retroviral 
insertionall mutagenesis is still restricted to a small number of tissues, mainly 
off hematopoietic and mammary origin. As discussed below, the application of 
insertionall mutagens in distinctive tissues combined with single cell cloning 
proceduress and expression profiling will further expand the utility of this 
approach. . 

A.. Provira l taggin g in othe r tissue s 
1.. Taggin g in mous e mutant s predispose d to non-hematopoieti c tumor s 
Thee results from retroviral insertional mutagenesis in animals predisposed to 
thee development of a certain cancer (Sections IV.B.1 and IV.B.2) have 
demonstratedd that the introduction of a somatic mutation predisposing to 
cancerr can alter the phenotype of the tumors that arise upon M-MuLV 
infection.. Whether this shift in the phenotypes of the induced tumors is only 
restrictedd to tumors of hematopoietic origin remains to be seen, since MuLV 
cann infect multiple tissues. Retroviral insertional mutagenesis of mice with a 
predisposingg alteration in non-hematopoietic tissue should address this 
question.. This could be tested in either traditional oncomice or conditionally 
mutantt mice. The latter have been used to study the role of not only gain but 
alsoo loss of function mutations in different types of cancer with great success 
(Jacksonn et a/., 2001; Jonkers et al., 2001; Marino et al., 2000; Meuwissen et 
al.,al., 2001; Vooijs et al., 1998). The tissue-specific alterations, either gain or 
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losss of function, can be accomplished through binary systems using either P1 
bacteriophage-derivedd Cre/LoxP or yeast-derived Flp/Frf recombination 
systemss (for review (Jonkers and Berns, 2002)). The application of retroviral 
insertionall mutagenesis in such oncomice is at present dependent on the 
infectionn and replication efficacy of MuLV in the predisposed tissues. The 
groupp of Aguzzi has addressed the feasibility of MuLV-mediated 
transformationn in relation to astrocytes (Afanasieva era/., 2001). Although 
theyy demonstrated that M-MuLV can infect astrocytes in vivo after intercranial 
injectionn of either M-MuLV or MuLV producing cells, and that in vitro infected 
astrocytess could be propagated in immuno-compromised animals upon 
transplantationn of the cells, it remains to be seen whether these mice will 
developp astrocytomas. 

2.. Provira l taggin g wit h distinc t tumo r viruse s 
AA retrovirus with the same oncogenic characteristics as MuLV but with a 
differentt tropism might replace MuLVs as the mutagen of choice to induce 
tumorss of a non-hematopoietic origin. Within this group of tumors, the tumors 
derivedd from epithelial tissues have our greater interest, since carcinomas 
encompasss the majority of human tumors. The most prominent candidate for 
provirall tagging in epithelial cells would be the mouse mammary tumor virus 
(MMTV).. MMTV is a retrovirus that causes mammary epithelial tumors after a 
longg latency using a similar mechanism as MuLV (Salmons and Gunzburg, 
1987).. The expression of MMTV in the mammary gland is influenced by the 
presencee of steroid hormones. Initially, MMTV-infected mice develop 
preneoplasticc lesions (Morris, 1991). These hyperplastic nodules are 
hormone-dependentt and their size is related to pregnancy. After a number of 
pregnanciess the nodules become hormone-independent tumors. Analysis of 
thee MMTV insertion sites in the MMTV-induced adenomas of mammary 
epitheliall cells has yielded a number of genes, predominantly belonging to the 
WntWnt and Fgf family, which can contribute to the formation of these tumors 
(Tablee II) (van Leeuwen and Nusse, 1995). Since MMTV can efficiently induce 
tumorss of epithelial origin, the application of MMTV in genetically modified 
micee that are predisposed to epithelial tumors might be more efficient than 
MuLV.. A retrovirus related to MuLV that was recently cloned from melanomas 
mightt be a good alternative for the use of MMTV (Li et al., 1998; 1999). This 
melanoma-associatedd retrovirus (MelARV) has been shown to be the causal 
factorr in the induction of melanomas, but it remains elusive whether the 
melanoma-associatedd antigen encoded by the viral Env or the alteration of 
endogenouss transcripts as a result of the proviral insertions is responsible for 
thee transformation of the melanocytes. The latter possibility is, however, 
supportedd by the provirus-mediated enhanced expression of the proto-
oncogenee c-Maf. If this turns out to be indeed the mechanism of 
transformation,, then this virus might complement MuLV and MMTV to study 
thee development of at least melanomas and possibly other tumors. 

3.. Lentiviruse s as insertiona l mutagen s 
Inn order to permit integration of their proviruses most retroviruses require that 
cellss are cycling. This restricts the use of such retroviruses as insertional 
mutagenss to proliferative tissues and reduces the number of integration 
eventss per infectious particle. In principle, insertional mutagenesis can also be 
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achievedd using replication-defective retroviruses as long as a sufficient 
numberr of proviral insertions can be realized. The efficiency of defective 
retrovirusess as an insertional mutagen can be augmented by increasing the 
numberr of integration events utilizing high-titer viruses that are capable of 
successfullyy inserting the genome in every cell regardless of cell divisions. 
Currentt lentiviral vectors {Naldini and Verma, 2000), most of which are based 
onn HIV-1, can infect both dividing and non-dividing cells and can be 
concentratedd to high titers permitting a large number of integration events 
afterr inoculation in vivo. Stable virus preparations with high titers can be 
producedd by pseudotyping lentiviruses with vesicular stomatitis virus G (VSV-
G)) coat protein. Such recombinant lentiviruses efficiently transduce non-
dividingg mouse epithelial cells ex vivo, and liver cells, hematopoietic stem 
cellss and neuronal cells in vivo (Kafri et a/., 1997; 1999; Naldini et al., 1996; 
Vignaa and Naldini, 2000). By equipping lentiviruses with a promoter that is 
highlyy active in the tissue of choice and a splice donor site as utilized in the 
ROSAA vectors the activating capacity of these viruses can be potentiated 
(Loiss et al., 2002). The additional usage of such a defective lentivirus in a 
sensitizedd background or a lentivirus equipped with an oncogene will yield an 
efficientt tumor-inducing system. This notion is supported by a recent study of 
Baumm and colleagues, in which the introduction of the dLNGFR marker gene 
intoo mouse bone marrow cells via a replication-defective virus resulted in 
acutee myeloid leukemia upon transplantation of these cells into a lethally 
irradiatedd mouse (Li et al., 2002). All transplants that developed in this setting 
containedd activation of Evil through insertion of the defective vector. The 
"marker"" gene, encoding a mutant low-affinity receptor for neutrophins that 
lackss the cytoplasmic pro-apoptotic domain, likely provided a synergizing 
oncogenicc hit. 

4.. Taggin g wit h retrotransposon s 
Transposonss are elements within the genomic DNA that can jump from locus 
too locus within a host cell. Mammalian transposable elements consist of DNA 
transposonss and retrotransposons. DNA transposons encode transposase 
permittingg transposition of the transposon from one site into another, whereas 
retrotransposonss encode a reverse transcriptase leading to replicative 
transposition.. In the latter system the DNA element is not excised. Although 
bothh transposons have the potential to mutagenise -DNA transposable 
elementss have been used in Drosophila and C. Elegans mutagenesis-, 
retrotransposonss are favored for tagging of cancer genes since 
retrotransposonss create a unique sequence at every insertion site. 
Autonomouss retrotransposons are divided into two classes, i, LTR 
retrotransposonss are similar to retroviruses except they lack a functional env 
gene.. The intercisternal A-particles (lAPs) belong to this class (for review Kuff 
andd Lueders, 1988)). The mouse genome carries a large proportion of 
defectivee lAPs (1000-2000) that are unable to infect distinct cells, but are 
reversee transcribed and might transpose into the genome as has been 
demonstratedd in cultured cells (Heidmann and Heidmann, 1991). Although 
thesee retrotransposition events are very rare, lAPs have been shown to be 
responsiblee for activation of genes in a number of tumor cell lines 
(Blankensteinn et al., 1990; Duhrsen et al., 1990; Kono etal., 1990; Sugita et 
al.,al., 1990; Tohyama et al., 1990; Ymer et al., 1985). ii, non-LTR 
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retrotransposonss contain long interspersed nucleotide elements (LINEs) that 
aree constitutively inactive (L2) or contain some activity (L1) (Malik and 
Eickbush,, 1999; Smit, 1999). Culture assays have demonstrated that the 
mousee genome contains about 3100 active L1 elements, which is roughly 60 
timess more than found in the human genome. Cloning of a full-length 
mammaliann L1 element that can transpose in cultured cells at a fairly high 
frequencyy and that is capable of retrotransposition in the murine germline has 
broughtt L1-mediated mutagenesis within reach (Moran et a/., 1996; Ostertag 
andd Kazazian, 2001; Ostertag era/., 2000). So far, the retrotransposition 
activityy of these retrotransposons in somatic tissues has been too low to be of 
utilityy for insertional mutagenesis studies. Further modification and 
optimizationn of this system might, however, change this. 

B.. The added valu e of analyzin g clona l tumor s 
Manyy of the hematopoietic tumors generated by M-MuLV infection are of 
oligoclonall origin, meaning that the tumor consists of two or even more 
distinctivee tumor cell populations. The unequivocal assignment of CISs and 
thee affected genes to complementation groups and thereby to cancer 
pathways,, however, demands that the tumor cell population is clonal. Only 
thenn can we be assured that two different CISs within one tumor clone mark 
geness that synergize in the tumorigenic process. Hence, future in vitro single 
celll cloning of the oligoclonal tumors or PCR amplification from single tumor 
cellscells is required to maximize the information that can be gathered from these 
tumors. . 

C.. Functiona l oncogenomics : transcriptomic s and proteomic s 
Oncee the identification of the proviral insertion sites and, subsequently, their 
complementationn group has been accomplished, the following task comprises 
thee identification of the provirally affected genes and assignment of the 
encodedd proteins to signaling pathways. New technologies for gene 
expressionn profiling such as DNA microarrays and proteomics will make life of 
aa "proviral tagger" even more productive. 
Sincee the expression of the majority of genes that are tagged by proviral 
insertionss will be altered, microarrays might assist in the identification of the 
targetedd genes. In addition, microarrays can likely provide information about 
thee affected pathways in the induced tumors by correlating distinct proviral 
insertionn sites with gene expression profiles and thereby facilitate 
identificationn of the pathways affected by the proviral insertions. In addition, 
wee expect that in the near future a direct correlation between proviral 
insertionss and specific protein expression patterns or protein modifications 
cann be established utilizing proteomics. Proteome profiling is traditionally 
performedd by two-dimensional electrophoresis followed by mass spectrometry 
too identify the proteins (for review see Simpson and Dorow, 2001). Although 
theree is still room for considerable improvements of global-expression 
proteomics,, a number of reports have illustrated the potential of this approach 
(Celiss et ai, 2000; Cole et a/., 2000; Stulik et at., 1999). Recently, the 
incorporationn of protocols enabling the analysis of protein phosphorylation has 
createdd the possibility of examining protein activity (Oda era/., 2001; Zhou et 
ai.,ai., 2001). Knowing all the parameters of a tumor, the mutated genes, the 
changee in expression profile, and the alterations in the activity of critical 
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regulatoryy proteins can help us to understand the complexity of 
tumorigenesis.. The model systems discussed here can serve as powerful 
toolss in this exciting endeavor. 
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