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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 
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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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IPCR R 

self-ligated d 

^ ^^ ^ ^ ~ \ Splinkerette-PC R 

Tumorr DNA is restricted with enzyme X ^ ligated to splinkerette 
andd ligated 

PCRR with first primer pair 1 1 
PCRR with nested primer pair 

^ ^ 
Sequencee and BLAST search 

againstt the complete mouse genome 

i i 

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 
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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 
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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 

31 1 



ChapterChapter I 

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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Ann introduction to the Pirn family 
off proto-oncogenes 

Genera ll  Pirn  feature s 

Thee PIM proto-oncogenes belong to a distinct family of serine/threonine 
kinasess (Figure 1). The first member of this family, Pim1, was identified as a 
targett for proviral activation in Moloney murine leukemia virus (M-MuLV) 
inducedd T cell lymphomas (Cuypers et ai, 1984). In the mouse, Pim1 

DMPK K 

ROCKlAA P K C 
ROCK22 1/ / . A K T 

MARH^' ' 
STK29 9 

SNF-LIKE1 1 

tyrosine e 
kinases s 

Figur ee 1. Phylogenetic tree of mammalian serine/threonine kinases. 
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encodess two proteins, a 33 kD and a 44 kD protein, which is initiated from an 
upstreamm CTG codon (Saris et al., 1991). In human, PIM1 encodes a 34 kD 
proteinn (Domen era/., 1987; Meeker era/., 1987; Zakut-Houri et al., 1987). 
Thee half-life of mouse and human PIM1 mRNA as well as the protein is very 
shortt (Saris et al., 1991). Pim1 mRNA is labile due to the presence of five 
copiess of an ATTTA destabilization motif in the 3'UTR (Saris ef al., 1991). The 
Pirnn family of kinases contains besides Pim1 two very homologous Pim2 and 
Pim3Pim3 genes (Allen and Berns, 1996; Baytel et al., 1998;; Feldman era/., 1998; 
vann der Lugt et al., 1995). PIM3 shares 71% and PIM2 61% of the amino 
acidss with PIM1 (Figure 2). Pim2 has similar properties as Pim1; the mRNA 
andd protein is labile, and its transcription can be initiated from an upstream 
CTGG codon (van der Lugt ef al., 1995). 

Pim11 297 QBASEI ILHHLJPGHK--
Pim33 308 c H r j l D M A l p s s E s i-
Pim22 352 KPlNisBsillPLPWiLBp 

Figur ee 2. Alignment of the mouse PIM1, PIM2 and PIM3 proteins. 

Thee Pirn genes are rather ubiquitously expressed and the encoded proteins 
residee in both the nucleus and cytoplasm of the cell. The highest Pim1 mRNA 
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levelss are found in thymus and testis (Selten et a/., 1985), Pim2 in brain and 
thymuss (Allen et al., 1997), and Pim3 in mammary gland (this thesis) and 
kidneyy (Feldman ef a/., 1998). During mouse development either Pim1 and 
Pim3Pim3 or Pim2 and Pim3 are co-expressed (Eichmann et al., 2000). The 
expressionn of Pim1, Pim2, and likely also Pim3, is regulated by a range of 
cytokiness and growth factors: IL-2 (Allen et al., 1997; Dautry et al., 1988), IL-3 
(Allenn ef a/., 1997; Domen et al., 1993b; Lilly ef al., 1992), GM-CSF and G-
CSFF (Lilly et al., 1992), IL-4 (Allen ef al., 1997), IL-5 (Temple etal., 2001), IL-
66 (Lilly etal., 1992), IL-7 (Allen etal., 1997; Domen era/., 1993a), IL-9 (Allen 
etet al., 1997), , IL-12, IL-15, IFNa (Matikainen ef al., 1999), IFNy (Allen et al., 
1997;; Yip-Schneider et al., 1995), erytropoietin (Miura et al., 1994), (Nagata 
andd Todokoro, 1995), prolactin (Borg etal., 1999; Buckley etal., 1995), ConA 
(Allenn ef al., 1997), and LPS (Allen ef a/., 1997). The majority of these factors 
transducee their signal through the JAK/STAT pathway. Together with the 
presencee of Stat-binding elements in the promoter of mouse Pim1, this 
impliess an important role for the JAK/STAT cascade in regulating expression 
off the Pirn genes. Although this notion is generally accepted, the direct 
involvementt of STAT and expression of Pirn has only been demonstrated for 
STAT33 in relation to IL-6 (Shirogane et al., 1999). The strong and early 
inductionn of the Pirn genes in response to distinctive cytokines would predict 
ann important function for PIMs in cytokine signaling. Cytokine signaling 
inducess either proliferation or differentiation and blocks apoptosis. Hirano and 
colleaguess demonstrated that simultaneous expression of Pim1 and c-Myc 
abrogatess the requirement for STAT3 to mediate cell cycle progression and 
preventt apoptosis. In addition, ectopic expression of Pim1 overrules the 
cytokine-dependentt survival of a murine pre-B cell line, possibly via a BCL2-
dependentt pathway, illustrating the crucial role for PIM in cytokine signaling 
(Lillyy ef a/., 1999). 

PirnPirn  and tumorigenesi s 

Thee role of Pim1 in mouse lymphomagenesis has been well documented. 
Pim1Pim1 transgenic mice, expressing Pim1 under the control of the 
immunoglobulinn Eu enhancer, are highly predisposed to lymphomas (van 
Lohuizenn etal., 1989). Carcinogenic agents such as ENU (Breuer etal., 1989; 
Breuerr ef al., 1991), heterocyclic amines (Sorensen, 1996, 1997) and 
leukemiaa viruses (van Lohuizen, 1989; Allen, 1998), but also X-ray (van der 
Houvenn van Oordt etal., 1998) and exposure to electro-magnetic fields cause 
ann accelerated onset of tumor formation in these mice (McCormick et al., 
1998;; Repacholi ef al., 1997). An even more dramatic acceleration of tumor 
formationn is seen in Pim1 and c-Myc, N-Myc or L-Myc double transgenic mice 
thatt die as a result of pre-B cell leukemia (Moroy ef al., 1991; Verbeek et al., 
1991).. This observation illustrates that PIMlis a very efficient collaborator of 
MYCC in lymphomagenesis. Similar experiments with Pim2 transgenic mice 
havee shown that Pim2 is an equally potent oncogene as Pim1 (Allen et al., 
1997).. In human tumors, levels of PIM1 are high in some acute myeloid and 
lymphoidd leukemias (Amson et al., 1989; Nagarajan et al., 1986); Allen, 
personall communication), but the enhanced expression is not the result of 
translocationss or amplifications involving the PIM1 locus. In addition, 
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expressionn of PIM1 appears to be a marker for prostate carcinomas as 
metastaticc tumors lose expression of PIM1, which is relatively high in the 
primaryy tumors (Dhanasekaran era/., 2001). 

PIMM signalin g target s 

Inn contrast to the role of PIM1 in mouse lymphomagenesis, the signaling 
pathwayss in which PIM1 plays a decisive role remain largely unknown. The 
generationn of Pim1 -deficient mice, which are apparently normal (Laird et al., 
1993;; te Riele et al., 1990), initially, only underscored the role of Pim1 in 
interleukinn signaling {(Domen era/., 1993a; Domen era/., 1993b). Pim1-
deficientt bone marrow cells exhibit a reduced proliferation in response to IL-3 
orr lL-7. It was shown by the group of Kuhl that besides the role PIM1 in the 
hematopoieticc system, PIM1 might act in the establishment of long-term 
memory,, since Pim1 -deficient hippocampal granule cell neurons lack 
consolidationn of enduring long-term potentation (LTP) (Konietzko era/., 1999). 

AA decennia after its cloning, the first substrate of PIM1, protein P100, 
wass identified (Leverson et al., 1998). P100 can bind to the transcription factor 
c-MYBB and upon phosphorylation of P100 by PIM1, the c-MYB mediated 
transactivationn is enhanced. Shortly after P100, two other substrates of PIM1, 
weree discovered, the cell cycle phosphatase CDC25a (Mochizuki et al., 1999) 
andd a heterochromatin binding protein HPy (Koike et al., 2000). The PIM1-
mediatedd phosphorylation of CDC25a and HPy alters these coactivator 
proteins'' phosphatase and repressor activity, respectively in vitro. Other PIM 
targetss that were reported on are SOCS (Chen et al., 2002; Losman er al., 
1999),, NFATc (Rainio et al., 2002), TFAF2/SNX6 (Ishibashi et al., 2001) and 
PAP11 (Maita et al., 2000). Phosphorylation of SOCS1 stabilizes the protein 
resultingg in suppression of cytokine signaling. TFAF2/SNX6 is supposed to be 
translocatedd into the nucleus upon phosphorylation by PIM, whereas 
phosphorylationn of the transcription factor NFATc has been reported to 
increasee its transactivation potential. Future experiments might teach us 
whetherr these proteins indeed are the PIM1 targets that provide the link 
betweenn PIM and lymphomagenesis. 
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ProviralProviral tagging of the Pirn pathway 

High-throughpu tt  retrovira l taggin g to identif y 
component ss of specifi c signalin g pathway s in cance r 

Abstrac t t 

Manyy signaling pathways have been unraveled with the help of genetic 
screenss conducted in lower organisms such as yeast1,2, Drosophila 
melanogastermelanogaster22 and Caenorhabditis elegans46. These screens are usually 
basedd on the enhancement or suppression of a phenotype caused by a 
knownn mutation in a particular signaling pathway. A legendary example is the 
identificationn of components of the RAS signaling cascade utilizing a mutant 
eyee phenotype in the fly as readout3. In mammals such in vivo screens have 
beenn difficult to perform due to the long generation time and the limited 
numberr of animals that can be screened. Here we describe an in vivo 
mammaliann genetic screen to identify components of pathways contributing to 
oncogenicc transformation. We applied retroviral insertional mutagenesis in c-
MycMyc transgenic mice deficient for Pim1 and Pim2 to search for genes that can 
substitutee for Pim1 and Pirn2 in lymphomagenesis. The chromosomal 
positionss of 477 retroviral insertion sites (RISs) derived from 38 EuJWyc/P/'mr7" 
;Pim2''~;Pim2''~ and 27 E\yMyc control tumors were determined using the Ensembl 
andd Celera annotated mouse genome databases. 52 sites were occupied by 
provirusess in more than one tumor. These common insertion sites (CISs) are 
likelyy to contain genes contributing to tumorigenesis. Comparison of the RISs 
inn P/'m-deficient tumors with the RISs in E\xMyc control tumors indicated that 
100 of the 52 CISs belong to the Pirn complementation group. One gene 
selectivelyy activated in P/m-deficient tumors is Pim3, providing direct evidence 
forr the validity of the approach utilized. 

Result s s 

Retrovirall insertions in the genome can transform host cells by activation of 
proto-oncogeness or inactivation of tumor suppressor genes6. Multiple rounds 
off retroviral insertional mutagenesis yield a full-blown tumor in which proviral 
insertionss mark the genes collaborating in stepwise tumor development. 
Hence,, retroviral insertions are instrumental in the clonal outgrowth of the 
incipientt tumor cell. In accordance with this notion, often two or three common 
insertionn sites (CISs) are occupied by proviruses within a single tumor. In the 
pastt we have shown the co-activation of the PIM family of serine/threonine 
kinasess and either c-MYC or N-MYC in retrovirally-induced tumors7'8. The 
strongg cooperation between the MYC and PIM proto-oncogenes was proven 
throughh transgenic experiments in which E\iMyc;E^iPim1 and E[iMyc;E/iPim2 
doublee transgenic mice succumb around birth to pre-B cell leukemia9,10. 
Althoughh the frequent retroviral activation of Pim1 established the role of the 
PirnPirn genes in retrovirus-induced lymphomagenesis, the critical downstream 
targetss of the PIM kinases have remained elusive. Candidate PIM substrates 
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suchh as P10011, CDC25A12, HP1y13, TFAF2/SNX614, S0CS115 and NFATC16 

havee been described, but it remains unclear to what extent they contribute to 
PIM-mediatedd transformation. 

Inn order to gain more insight into the oncogenic signaling network in 
whichh the PIM proteins act and to identify crucial downstream targets of PIM 
wee have set up a mammalian in vivo enhancer screen, similar to the genetic 
screenss performed in lower organisms. The strong synergism between c-Myc 

100 0 

EuMyc EuMyc 

ft ft ft ft 
PimlPim2^ PimlPim2^ 

V V 

> > tumo r r 

Pim2 Pim2 

EuMyc;Pimt' EuMyc;Pimt' 

:Prffiöö Pim2 

1/ 1/ 

EuMyc;PimrEuMyc;Pimr//;Pim2';Pim2'/ / 

ft ft 
<^ppma<^ppma ^pifté^Y' 

Figur ee 1. Retroviral tagging in lymphoma-prone EuMyc mice that are sensitized to activation 
off the PIM pathway, a, M-MuLV infection of EuMyc mice yields lymphomas, of which 40% 
andd 15% have a retrovirally activated Pim1 and Pim2 allele, respectively, b. In 90% of the 
lymphomass generated in E\iMyc mice deficient for Pim1, the PIM pathway has been activated 
throughh proviral insertions near Pim2. c, Retroviral insertional mutagenesis in EuMyc;Pim1'A; 
Pim2"Pim2" is expected to yield lymphomas with activated oncogenic PIM signaling, either by 
mutationn of a gene Y- in a parallel pathway-, gene X-downstream of PIM-, or a P/'m-related 
genee Z. 

andd Pirn in lymphomagenesis likely sensitizes mice deficient for PIM but 
expressingg high levels of MYC to develop lymphomas in which genes acting 
eitherr downstream of, or parallel to PIM have been mutated. In fact, the 
percentagee of retroviral activations of Pirn observed in EuMyc mice (Fig. 1a) 
hass increased almost twofold in E /̂Wyc;P/m7v" mice (Fig. 1b). 85% of the 
P/'mï-deficientt lymphomas carry proviral activations of the Pim2 gene 
encodingg a protein that is 57% identical to PIM117. This observation 
underscoredd the strong selective advantage of Pirn activation in the presence 
off high MYC levels and suggested a strategy for tagging genes that rescue 
losss of PIM function in lymphomas containing activated c-MYC18. In the 
currentt study we vastly extended this strategy by i. M-MuLV infection of 
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E\iMycE\iMyc neonates deficient for both Pim1 and Pim2 (Fig. 1c), ii. High-
throughputt sequence analyses of the proviral insertion sites, iii. Mapping the 
insertionss and nearby candidate target genes utilizing the annotated mouse 
genomicc sequence database at Celera Genomics (Rockville, MD)19 and 
Ensembl20andd iiii the assignment of CISs to complementation groups. 

Soo far, the concept of insertional mutagenesis has been based on the 
assumptionn that the presence of proviruses within a certain chromosomal site 
inn independent tumors can only be the result of a selective advantage 
associatedd with insertions in that site. However, the condition of finding 

Tabl ee 1. Predicted frequencies of random proviral insertions in the mouse genome. 

No.. Taos 

10000 0 

5000 0 

2500 0 

2000 0 

1000 0 

500 0 

Expecte dd No. Rando m CISs" 

Efrr  = 
0.001 1 

10 0 

5 5 

2.5 5 

2 2 

1 1 

0.5 5 

Ef r == Efr = 
0.0055 0.01 

500 100 

255 50 

12.55 25 

100 20 

55 10 

2.55 5 

22 Insertion s 

Efrr  = 
0.001 1 

0.266 Kb 

0.55 Kb 

1.044 Kb 

1.33 Kb 

2,66 Kb 

5.22 Kb 

Efrr  = 
0.005 5 

1.33 Kb 

2.66 Kb 

5.22 Kb 

6.55 Kb 

133 Kb 

266 Kb 

Efrr  = 
0.01 1 

2.66 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 

1188 Kb 

2366 Kb 

Efrr  = 
0.005 5 

277 Kb 

544 Kb 

1088 Kb 

1355 Kb 

2699 Kb 

5388 Kb 

E f r * * 
0.01 1 

399 Kb 

777 Kb 

1555 Kb 

1933 Kb 

3866 Kb 

7722 Kb 

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 

Efrr  = 
0.01 1 

113Kb b 

2277 Kb 

4544 Kb 

5677 Kb 

11344 Kb 

22677 Kb 

Ignoringg end-of-chromosome effects random proviral insertions into the mouse genome 
constitutee a Poisson process.a The expected number of CISs is the mean number of clusters 
forr n= « experiments. b The expected fraction (Efr) indicates the fraction of the total number of 
provirall insertion sites expected to be a random CIS cluster within the depicted distance. For 
example,, 2500 tags will contain 2.5 CISs consisting of 2 random insertions within 1.04 Kb, 2.5 
CISss of 3 random insertions within 47 Kb, etc. The calculated distances are based on the 
availablee mouse genome sequence at Celera (2.6 106 Kb). 

retrovirall insertions in close proximity will be automatically fulfilled upon a vast 
increasee of the number of proviral insertions identified as in this study. It is 
thereforee necessary to attach parameters of significance to the definition of a 
CIS.. We propose to assign a value to a CIS providing an estimate for its non-
randomness.. Within a set of 500 proviral insertions approximately 2.5 clusters 
off 2 insertions can be expected within 26 Kb on the basis of random insertion 
eventss (Table 1). The chance to find random CIS clusters consisting of three 
orr more retroviral insertions is much smaller in a data set of 500. One should 
howeverr keep in mind that the predicted values associated with these 
distancess do not objectively equal the likelihood that retroviral insertions 
contributee to tumorigenesis, since the measure for non-randomness does not 
takee into account the occurrence of preferential insertions due to chromatin 
structuree or sequence context. "Cold" and "hot" spots for transposon 
insertionss have been reported for a variety of genomes21. Final proof for the 
contributionn of proviral insertions to tumorigenesis has to come from the 
identificationn of the affected gene and evidence that aberrant expression of 
thatt gene reproduces specific aspects of the tumor phenotype. 

Too identify the genomic sequences flanking the majority of proviruses we 
designedd a highly efficient PCR-based splinkerette amplification procedure 
(Fig.. 2). Using this splinkerette amplification strategy 477 informative proviral 
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flankss from 38 E/j.Myc;Pim1~'~;PimZ'~ and 27 control E^Myc lymphomas were 
sequenced.. This number corresponds to approximately 60% of all retroviral 
insertionss present in the tumors, of which a substantial fraction is of 
oligoclonall origin. The sequenced fraction of retroviral insertion sites (RISs) 
representss an average of approximately 7 insertions per tumor (Table 4). 
Basedd on sequence comparisons with the Celera annotated mouse genomic 
database,, 176 of the 477 tags represented 52 CISs (Table 2; for complete 
overvieww see Web Table A). If previously identified CISs and the RISs and 
CISss characterized by Suzuki et a/.25 and Lund et al26 are included the total 
numberr of independent CISs in this tumor panel reaches 91 (Table 2 and 4). 

Figur ee 2. Isolation of the genomic DNA sequences flanking the provirus using a splinkerette-
basedd PCR approach. A splinkerette is an adaptor molecule containing a hairpin loop that 
preventss non-specific PCR amplification22. The applied splinkerette amplification is favorable 
overr the previously described inverse PCR (IPCR) method23. First, this splinkerette PCR is 
nott based on a long-range PCR amplification, which increases the size of the amplified 
fragmentss and limits the recovery of provirus flanking sequences. Since the complete 
annotatedd mouse genomic sequence is available at Celera the size of the amplified provirus 
flankss holds no longer an advantage for the identification of CISs. Second, the method utilized 
iss free of cloning steps in bacterial hosts raising the speed of the isolation of proviral flanks, a, 
Schematicc representation of the amplification procedure; provirus (green), splinkerette (grey). 
Sincee a random PCR amplification of the sequences flanking the provirus is preferred, 
genomicc tumor DNA was restricted with the restriction enzyme BstYl recognizing Pu-GATC-
Py,, and not with a methylation sensitive enzyme that selects for proviral insertions in promoter 
regionss of genes 2324. b, Southern blot analysis using a viral LTR probe shows the number of 
provirall insertions in a tumor. The lymphoma analyzed carries a large number of retroviral 
insertionss indicating that this tumor is of oligoclonal origin, c, First radioactive splinkerette-
PCRR on the same tumor. Amplified fragments were separated on a 3.5% PAA gel. * marks 
thee internal M-MuLV fragment amplified, cf, Nested radioactive splinkerette-PCR on the 
excisedd fragments. PCR products were again separated on a 3.5% PAA gel. e, Final PCR 
amplificationn of the provirus flanking sequences yields ready-to-sequence DNA fragments. 
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Tablee 2. Common retroviral insertion sites in E jiMyc tumors3 

CIS S 
Name11 1 

Dkmil Dkmil 

Dkmi2 Dkmi2 

Cis1 Cis1 

Nk'd Nk'd 

Dkmi3 Dkmi3 

Dkmi4 Dkmi4 

Gfilb Gfilb 

NotcM NotcM 

Bmi1 Bmi1 

Evl18 Evl18 

DkmiS DkmiS 

Dkmi6 Dkmi6 

Dkmi7 Dkmi7 

Dkmi8 Dkmi8 

Lef1 Lef1 

Evi55' Evi55' 

Cis2 Cis2 

NkHÏ NkHÏ 

EviS? EviS? 

Evi143' Evi143' 

EwSe* * 

GfWGfW EviS 

Dkmi9 Dkmi9 

Kit Kit 

DkmHO DkmHO 

Nki16 Nki16 

EviOSi EviOSi 

EvilÉ EvilÉ 

Ccnd2 Ccnd2 

Cis3 Cis3 

Evi167' Evi167' 

Cis4 Cis4 

Dkmi11 Dkmi11 

Dkmi12 Dkmi12 

EVÏ83EVÏ831 1 

DkmilDkmil 3 

DkmilDkmil 4 

EviSti EviSti 

Evigy Evigy 

Dkmi15 Dkmi15 

Evi92' Evi92' 

Cis5 Cis5 

Cis6 Cis6 

Fin Fin 

Ets1 Ets1 

DkmilDkmil 6 

DkmilDkmil 7 

Cis7 Cis7 

EvilOd EvilOd 

Cis8 Cis8 

DkmilS DkmilS 

Uyb Uyb 

DkmilDkmil 9 

Nki2É Nki2É 

Candidat ee Gene ' 

Dst Dst 

Ly1Q8 Ly1Q8 

Ptma Ptma 

Zfhxlb Zfhxlb 

Ptpnl Ptpnl 

SetlSetl NDI 
1190004A01Rik 1190004A01Rik 

Gfilb Gfilb 

NotchNotch 1 

Bmi1 Bmi1 

RasGrpI RasGrpI 

ND ND 

Pkig Pkig 

Mci1 Mci1 

Cla3 Cla3 

Lef1 Lef1 

Camk2d Camk2d 

ND ND 

Runx3 Runx3 

idb3lidb3l E2f2 

Ak4lAk4l Lepr 

5830400A04Rik 5830400A04Rik 

GfiUGfiU EviS 

Kdr Kdr 

Kit Kit 

ND ND 

ND ND 

Corolc/Corolc/ Selpl 

Calm2lCalm2l ND 

Ccnd2 Ccnd2 

ND/ND/ WntSb 

Sema4b Sema4b 

PD PD 

PD PD 

Rras2lRras2l Copbl 

Swap70 Swap70 

Nttpl Nttpl 

PD PD 

Irs2 Irs2 

ORF23ORF23 likel ND 

ND ND 

ApmllApmll Gabl 

1100001J13Rikl 1100001J13Rikl 
Mshra Mshra 
Lvi1 Lvi1 

FH1 FH1 

Ets1 Ets1 

Madh3 Madh3 

Tcftt 2 

Kif9lKif9l PD 

2700018N07 2700018N07 

Mknk2 Mknk2 

PD PD 

Myb Myb 

HbsHIMyb HbsHIMyb 

PD!PD! Galgtl 

Accessio nn IDd 

ENSMUSG00000026131 1 

ENSMUSG00000015314 4 

ENSMUSG00000026238 8 

ENSMUSG00000026872 2 

ENSMUSG00000027540 0 

NMM 023871/ ENSMUSG00000026785/ 
ENSMUSG00000015335 5 
ENSMUSG00000026815 5 

ENSMUSG00000026923 3 

ENSMUSG00000026739 9 

ENSMUSGD0000027347 7 

ND D 

ENSMUSG00000035268 8 

ENSMUSG00000038612 2 

ENSMUSG00000015749 9 

ENSMUSG00000027985 5 

ENSMUSG00000027970 0 

ND D 

ENSMUSG00000028814 4 

ENSMUSG00000007872/ / 
ENSMUSG00000018983 3 

NMM 009647/ ENSMUSG00000028529 

ENSMUSG000OOO29204 4 

ENSMUSG00000029275/ / 
ENSMUSG00000011831 1 
ENSMUSG00000029232 2 

ENSMUSG00000005672 2 

ENSMUSG00000035273 3 

ENSMUSG00000029471 1 

ENSMUSG00000004530// NM 009151 

NMM 007589/ ENSMUSG00000030349 

ENSMUSG00000000184 4 

mCG49753// ENSMUSG00000030170 

ENSMUSG00000030539 9 

LOC243990 0 

mCG60113 3 

ENSMUSG000000381422 / 
ENSMUSG00000030754 4 
ENSMUSG00000031015 5 

ENSMM USG00000037887 

mCG57816 6 

ENSMUSG00000038894 4 

mCGG 10088/mCG57228 

ND D 

ENSMUSG000O0003033/ / 
ENSMUSG00000031714 4 
ENSMUSG00000001472/ / 
ENSMUSG00000041188 8 

NM008535 5 

ENSMUSG00000016087 7 

ENSMUSG0OO00O32035 5 

ENSMUSG00000032402 2 

ENSMUSG00000032228 8 

ENSMUSG00000032489/ / 
ENSMUSG00000032483 3 
ENSMUSG000O0041012 2 

ENSMUSG00000020190 0 

ENSMUSGOOOOO020258 8 

ENSMUSG00000019982 2 

NM019702// ENSMUSG00000019982 

ENSMUSG00000040462/ / 
ENSMUSG00000006731 1 

Candidat ee Protei n Famil y 

actinn cross-linking protein 

cardnoembryonicc antigen 

nuclearr protein 

zinc-fingerr homeobox protein 

TYRR phosphatase 

nucleosomee assembly 
protein// protein kinase/ ND 

transcriptionn factor 

receptor r 

polycombb protein 

RASS exchange factor 

ND D 

proteinn kinase inhibitor 

BCL-2-related d 

ND D 

transcriptionn factor 

SER/THRR kinase 

ND D 

transcriptionn factor 

HLHH factor/ transcription 
factor r 

adenylatee kinase/ leptin 
receptor r 

RAS-related d 

transcriptionn repressor/ cell-
cyclee protein 

TYRR kinase receptor 

TYRR kinase receptor 

heparanase e 

SER/THRR kinase 

actinn binding protein/ selectin 

calciumm binding 
protein/ribosomall protein 

cell-cyclee regulator 

F-boxx protein/ growth factor 

receptor r 

ND D 

ND D 

RAS-related// beta coat 
protein n 

coiled-coill BCR binding 
protein n 

TYR/THRR phosphatase 

DrosophiiaDrosophiia protein CG5765 

dockingg protein 

KIAA1865/ND D 

ND D 

clathrinn coat protein/ growth 
factorr receptor associated 

ND// receptor 

transcriptionn factor 

transcriptionn factor 

transcriptionn factor 

transcriptionn factor 

transcriptionn factor 

kinesin-related// KELCH-like 

ND D 

MAPKK interacting protein 

ND D 

transcriptionn factor 

elongationn factor/ 
transcriptionn factor 

ND// transferase 

Mous e e 
Chr . . 

1 1 

1 1 

1 1 

2 2 

2 2 

2 2 

2 2 

2 2 

2 2 

2 2 

2 2 

2 2 

3 3 

3 3 

3 3 

3 3 

3 3 

4 4 

4 4 

4 4 

5 5 

5 5 

5 5 

5 5 

5 5 

5 5 

5 5 

6 6 

6 6 

6 6 

7 7 

7 7 

7 7 

7 7 

7 7 

7 7 

8 8 

8 8 

8 8 

8 8 

8 8 

8 8 

8/10 0 

9 9 

9 9 

9 9 

9 9 

9 9 

9 9 

10 0 

9/H H 
10 0 

10 0 

10 0 

Huma nn Chr . 

6p11-p12 2 

1 1 

2q35-q34 4 

2q22 2 

20q13.1-13.2 2 

9q34 4 

9q34,13 3 

9q34.3 3 

10p13 3 

15q15 5 

20 0 

20q12-q13.1 1 

1q21 1 

1q21.1 1 

4q23-q25 5 

4 4 

9 9 

1p36 6 

1p36 6 

9p24-p13 3 

4p13 3 

1p22 2 

4q12 2 

4q12 2 

4q21.3 3 

12q24.31 1 

12q24.1 1 

2p21 1 

12p13 3 

12p13.3 3 

15q26.1 1 

ND D 

10q25 5 

11pter-p15 5 

11p15 5 

11p15.5 5 

13q34 4 

13q34 4 

14q24.3 3 

16p12 2 

4 4 

16q24.3 3 

19p13.2// 10q22 

11q24.1-24.3 3 

11q23.3 3 

15q14-q15 5 

15q21 1 

3p21 1 

ND D 

19p13.3 3 

3p21/5g33J. . 

6q23.3-q24 4 

6q23-q24 4 

12q13 3 

No. . 
Isolate d d 

Tags s 

2 2 

2 2 

1 1 

1 1 

5 5 

3 3 

2 2 

2 2 

17 7 

8 8 

2 2 

2 2 

3 3 

2 2 

3 3 

2 9 9 

1 1 

2s s 

2 9 9 

1 1 

1 1 

15 5 

3 3 

1 1 

3 3 

1 1 

1 1 

1 1 

3 3 

1 1 

2 2 

1 1 

2 2 

3 3 

1 1 

3 3 

2 2 

1 1 

1 1 

3 3 

1 1 

1 1 

1 1 

1 1 

2 2 

4 4 

2 2 

1 1 

1 1 

1 1 

7 7 

7 7 

5 5 

1 1 

No . . 
Insertions * * 

2 2 

1 1 

ND D 

ND D 

ND D 

ND D 

2 2 

ND D 

17 7 

3 3 

1 1 

ND D 

1 1 

ND D 

2h h 

ND D 

ND D 

ND D 

ND D 

ND D 

ND D 

15 5 

3 3 

3 3 

2 h h 

ND D 

ND D 

ND D 

5 5 

ND D 

ND D 

ND D 

2 2 

3 3 

ND D 

ND D 

2 2 

ND D 

ND D 

4 4 

ND D 

ND D 

ND D 

ND D 

ND D 

ND D 

2 2 

ND D 

ND D 

ND D 

ND D 

ND D 

10 0 

ND D 
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Tcfe2a Tcfe2a 

EvilEvil 58' 

Evi106' Evi106' 

Evt9 Evt9 

H9r H9r 

Evi159' Evi159' 

Cis9 Cis9 

Cis10 Cis10 

CisCis 11 

Cis12 Cis12 

Cis13 Cis13 

EvilEvil 12' 

Dkmi20 Dkmi20 

Nki33 Nki33 

Dkmi21 Dkmi21 

PirnPirn 3 

EvilEvil 63' 

Dkmi22 Dkmi22 

Cis14 Cis14 

Dkmi23 Dkmi23 

Evi13 Evi13 

CisCis 15 

Pimt Pimt 

Evi14 Evi14 

Dkmi24 Dkmi24 

Dkmi25 Dkmi25 

Vhtni2.6 Vhtni2.6 

Tpl2 Tpl2 

Evi136' Evi136' 

Evi153' Evi153' 

Dkmi27 Dkmi27 

Evilf Evilf 
Dkmi28 Dkmi28 

Dkmi29 Dkmi29 

Pim2' Pim2' 

Nki3f Nki3f 

Dkmi30 Dkmi30 

Tcfe2a Tcfe2a 

Nfic Nfic 

2810013G11Rik 2810013G11Rik 

Bcl11a Bcl11a 

H9r H9r 

Supt4h Supt4h 

GrbTIZnfla GrbTIZnfla 

NDINDI Cdc6 

Stat5a/Stat5a/ StatSbl 
Stat3 Stat3 

PD PD 

Irf4 Irf4 

Trim25lTrim25l Txnrdl 

Cryabpl Cryabpl 

PD PD 

Ptp4a Ptp4a 

PirnPirn 3 

PD PD 

Kcnh3lKcnh3l PD 

PD PD 

PD!PD! Runxl 

Runxl Runxl 

1810055P05Rik 1810055P05Rik 

Pim1 Pim1 

Ccnd3/Ccnd3/ Tbn 
pending pending 
PD/PD PD/PD 

TsgA2 TsgA2 

Fsrgl Fsrgl 

Tpl2 Tpl2 

Egr1 Egr1 

tümll tümll 
1810041M12Rik 1810041M12Rik 

Fbxw4 Fbxw4 

Rasgrp2 Rasgrp2 

Vegfb Vegfb 

Cd6 Cd6 

Pim2 Pim2 

Elf4 Elf4 

1200013B08Rik 1200013B08Rik 

ENSMUSG0OOO0020167 7 

ENSMUSG00000020237 7 

ENSMUSG00000020280 0 

ENSMUSG00000000861 1 

ENSMUSGOO0O0020279 9 

ENSMUSG00000020485 5 

ENSMUSG00000019312/ / 
ENSMUSG00000018168 8 
ENSMUSG00000038013/ / 
ENSMUSGOOOOO017499 9 
ENSMUSG00000004043/ / 
ENSMUSG00000020919/ / 
ENSMUSG00000004040 0 
ENSMUSG00000034168 8 

ENSMUSG00000021356 6 

AL022677// ENSMUSG00000020250 

ENSMUSG00000021366 6 

ENSMUSG000OO021755 5 

ENSMUSG00000022606 6 

AF086624 4 

ENSMUSG00000022462 2 

ENSMUSG00000037579/ENSMUSG0 0 
0000037570 0 
LOC239926 6 

ENSMUSG00000022952 2 

ENSMUSG00000022952 2 

ENSMUSG00000023883 3 

ENSMUSG00000024014 4 

ENSMUSG00000034165/ / 
ENSMUSG00000023980 0 

mCG55784// ENSMUSG00000041683 

ENSMUSG00000024034 4 

ENSMUSG00000024335 5 

ENSMUSG00000024235 5 

ENSMUSG00000038418 8 

mCG9361// ENSMUSG00000035765 

ENSMUSG00000040913 3 

ENSMUSG00000032946 6 

ENSMUSG00000024962 2 

ENSMUSG00000024670 0 

ENSMUSG00000031155 5 

ENSMUSG00O00031103 3 

ENSMUSG00000031101 1 

transcriptionn factor 

transcriptionn factor 

ND D 

transcriptionn factor 

interleukinn receptor 

transcriptionn suppressor 

dockingg protein/ transcription 
factor r 

WASPP interacting/ cell-cycle 
regulator r 

transcriptionn factors 

transcriptionn factor 

transcriptionn factor 

transcriptionn factor/ 
thioredoxinn reductase 

transcriptionn factor 

ND D 

TYRR phosphatase 

SER/THRkinase e 

aminoo acid transporter 

potassiumm channel/ 
transcriptionn factor 

ND D 

ND// transcription factor 

transcriptionn factor 

transcriptionn factor 

SER/THRR kinase 

cell-cyclee regulator/ 
chromatinn associated protein 

ND D 

phosphatidyll inositol kinase 

bromodomainn containing 
protein n 

SER/THRR kinase 

transcriptionn factor 

HMGG box protein/ ND 

F-box/WD40-repeat t 

RASS exchange factor 

growthh factor 

scavangerr receptor 

SER/THRR kinase 

transcriptionn factor 

TYRR kinase 

10 0 

10 0 

11 1 

11 1 

11 1 

11 1 

11 1 

11 1 

11 1 

12 2 

13 3 

11 /10 0 

13 3 

13 3 

15 5 

15 5 

15 5 

15 5 

15 5 

16 6 

16 6 

17 7 

17 7 

17 7 

17 7 

17 7 

17 7 

18 8 

18 8 

18 8 

19 9 

19 9 

19 9 

19 9 

X X 

X X 

X X 

19p13.3 3 

19p13.3 3 

2p16 6 

2 2 

5q35 5 

17q21-q23 3 

17q21.2 2 

17q211 3 

17q11.2 2 

14q24.3 3 

6p25-p23 3 

17q1121 1 
12q23.3 3 

6p24-p22.3 3 

5p13.2 2 

8q24 4 

22q13.3 3 

12q13.11 1 

12q133 12 

ND D 

21q22 2 

21q22.12 2 

6q27 7 

6p21 1 

6p21 1 

6p21 1 

21q22.3 3 

4p16.3 3 

10p11 1 

5q31.1 1 

13q12 2 

10q24-q25 5 

11q13 3 

11q13 3 

11q13 3 

Xp11.23 3 

Xq26 6 

Xq25-26.3 3 

2 2 

1 1 

1 1 

4 4 

19 9 

1 1 

1 1 

2 2 

1 1 

1 1 

1 1 

1 1 

2 2 

1 1 

2 2 

5 5 

1 1 

2 2 

1 1 

3 3 

4 4 

1 1 

9 9 

6 6 

2 2 

2 2 

2 2 

7 7 

1 1 

1 1 

4 4 

1 1 

2 2 

2 2 

2 2 

1 1 

2 2 

2 2 

ND D 

ND D 

ND D 

ND D 

ND D 

ND D 

ND D 

ND D 

ND D 

ND D 

ND D 

3 3 

ND D 

ND D 

9 9 

ND D 

ND D 

ND D 

4 4 

3n n 

ND D 

ND D 

1 1 

ND D 

ND D 

7 7 

ND D 

ND D 

1 1 

ND D 

4 4 

1 1 

ND D 

"Sequencess flanking the inserted retroviruses were isolated from 38 E[iMyc;Pim1' ;P\m2~'~ and 27 EuMyc tumors by 
splinkerettee PCR. All retroviral insertions were mapped by blasting the flanking sequences against the Ensembl and Celera 
annotatedd mouse genomic databases (E < 10'25). A CIS is defined as at least 2 or 3 independent insertions within a 26 Kb or 
2500 Kb genomic region, respectively. 
blff gene names are depicted, provirally altered RNA/protein expression has been demonstrated 
cGeness adjacent to the provirus are the candidate genes. 
dGenee accesion number at Ensembl (ENSMUSG/LOC), Celera (mCG) or NCBI 
eNumberr of retroviral insertions in 38 EnMyc\Pim1~/~;Pim2~l' tumors as determined by Southern blot analysis 
fRISss overlapping with CISs identified by Suzuki et a/. (Ew)25or Lund et al. {Nki}25 based on > 3 insertions within 100 Kb 
9twoo independent retroviral insertions (distance > 26 Kb) 
hCISS consists of 2 clusters of which only 1 has been checked by Southern blot analysis 
^ene-r ichh region of 50 Kb harboring according to Celera five genes encoding the candidate proteins: RAN-related 
(mCG50456),, PP2C-like phosphatase (mCG19525), ACTIN depolymerisation factor 
(Ptk9l;(Ptk9l; mCG19506), WD-repeat containing protein (Drosophila CG17293; mCG19514) 

'Piml'Piml and Pim2 insertions were only isolated from E[iMyc lymphomas 
kNoo rearrangments were observed indicating the subclonal nature of the retroviral insertions 
DkmiDkmi double knockout Myc insertion 
CisCis common insertion site identified by comparison of the RISs from this study with the RISs identified by Suzuki et a/.25and 
Lundd et a/.26 {> 3 insertions within 100 Kb) 
CISss in bold have been described previously and/or the affected genes have been identified by altered mRNA or protein 
expression n 
Geness or chromosomes underlined are the genes/chromosomes according to Celera 
PD!PD! PD predicted gene by the Ensembl analysis pipeline or the Celera Discovery System™ .respectively 
NDD not determined 
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Thee pressure to activate the PIM pathway by proviral insertions in Pim2 
iss extremely high in Eji/Wyc mice deficient for Pim1. In E^Myc mice nullizygous 
forr both Pim1 and Pim2 the selective advantage conferred by retroviral 
activationn of the PIM pathway contributing to tumorigenesis is likely to remain 
unchanged.. Therefore, genes that can substitute for Pim1 and Pirn2 in 
lymphomagenesiss can be expected to fall into one of the following categories 
(Fig.. 1c): i. Genes that directly substitute for the Pim1/2 function, ii. Genes 
encodingg downstream targets or other components of the downstream 
signalingg pathway of Pim1/Pim2. iii. Genes functioning in pathways yielding 
thee independent activation of a critical oncogenic target that is also affected by 
Pim1Pim1 and Pim2. One common retroviral insertion identified in five independent 
Ey.Myc;Pimr';PimZ'~Ey.Myc;Pimr';PimZ'~ lymphomas affected the Pim3 gene, the third member of 
thee Pirn family and thus a prime candidate to belong to the first category of 
Pim1/2Pim1/2 substituting genes. At the amino acid level PIM3 is 71% and 61% 
identicall to PIM1 and PIM2, respectively. Knockout experiments have shown a 
strongg redundancy between Pim1 and Pim3, suggesting a similar function for 
thee encoded proteins (unpublished). Additional Southern blot analysis showed 
insertionss near Pim3 in 9 out of 38 E\i.Myc',Pim1~l';Pim2~l' lymphomas. The 
identificationn of Pim3 as a gene that is preferentially activated in tumors 
deficientt for its family members Pim1 and Pim2 stresses the pathway-
specificityy of this screen. 

Tabl ee 3. Common retroviral insertion sites substituting for Pim1 and Pim2 in Lymphomagenesis3 

CISS Name 

Pim3 Pim3 
Kit Kit 

Tpl2 Tpl2 
Ccnd2 Ccnd2 
Dkmil Dkmil 
DkmiO DkmiO 

Dkmi11 Dkmi11 
Dkmil5* Dkmil5* 
Dkmi20 Dkmi20 
Dkmi28 Dkmi28 

Gene e 

Pim3 Pim3 
Kit Kit 

Tpl2 Tpl2 
Ccnd2 Ccnd2 

ND ND 
ND ND 
ND ND 
ND ND 
ND ND 
ND ND 

Protei nn Famil y 

SER/THRR kinase 
TYRR kinase receptor 

SER/THRR kinase 
cell-cyclee regulator 
actinactin cross-linking 

TYRTYR kinase receptor 
ND ND 
ND ND 

transcriptiontranscription factor 
growthgrowth factor 

No.. Insertions' * 

9 9 
3 3 
7 7 
5 5 
2 2 
3 3 
2 2 
4 4 
3 3 
4 4 

Insertio nn Type 

5'' promoter, 5' or 3' enhancer 
5'enhancer r 

activatingg truncation 
5'' promoter and 5' enhancer 

PP value c 

0.000 0 
0.025 5 
0.000 0 
0.002 2 
0.088 8 
0.025 5 
0.088 8 
0.007 7 
0.025 5 
0.007 7 

aCISss absent in PIM1 and/or PIM2 proficient tumors as analyzed by Southern analysis of 89 
E\iMycE\iMyc control tumors 
bb Number of proviral insertions in 38 E\jiMyc;Pim1'/';PimZ/' tumors detected by Southern blot 
analysis s 
cc P value of 38 E\iMyc;PimT/';Pim2'/' tumors compared with 89 control tumors (Fisher's exact 
test) ) 
dd CIS consists of two loci 40 Kb or 125 Kb apart according to Celera and Ensembl, 
respectively y 
Proteinn descriptions in italics represent the proteins encoded by candidate genes 
NDD genes affected by the retroviral insertions have not been determined 

Too assign a gene to the Pirn complementation group, i.e. genes encoding 
proteinss that can either fully or partially substitute for PIM in 
lymphomagenesis,, retroviral insertions near the corresponding genes should 
bee preferentially absent in tumors from Pim1 and/or Pim2 proficient mice or, if 
present,, be mutually exclusive with insertions near one of the Pirn genes. To 
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230 0 

86 6 

90 0 

39 9 

15 5 

25d d 

48 8 

18 8 

19 9 

8 8 

3 3 

3.53 3 

1.32 2 

1.38 8 

0.6 6 

0.23 3 

0.68' ' 

testt the validity of this hypothesis, we analyzed 89 E\iMyc, E\iMyc\Pim1''' and 
E\iMyc;PimZ''E\iMyc;PimZ'' control lymphomas, of which 61 percent showed retroviral 
activationn of either Pim1 or Pim2, for insertions near the Pim3 gene by 
Southernn blotting. Retroviral insertions near Pim3 were observed only once; 

Tabl ee 4. Cancer loci are efficiently identified by retroviral tagging. 

No.. Tumor s No . Tags No. Tags per Tumo r No. Tags CISs"  Percentag e Tags CISs CISs per Tumo r 

655 477 7.40 

KnownKnown  CISs 

Nove ll  CISs 

RIS/CISs ' ' 

Nove ll  CISs (RIS/RIS)C 

PIMM Substitutin g CISs 

aa Number of proviral tags identifying a CIS 
bb Single RISs from this study belong to CISs identified by Suzuki et a/.25 or Lund et a/.26 

cc Comparison of the RISs from this study with the RISs isolated by Suzuki et a/.25 and Lund et 
a/.266 revealed additional novel CISs 
dd Southern analysis showed 34 RISs substituting for PIM 
ff Calculations are based on 38 E^Myc;Pimf/';Pim2'/ tumors 

yet,, this tumor did not carry insertions near Pim1 or Pim2. Subsequently, the 
wholee tumor panel of 89 EjiMyc control and 38 EuMyc; Pim1~'~\ PimZ1' 
lymphomass was analyzed by Southern blotting using CISs depicted in Table 2 
ass probes. Nine CISs, identified as Kit, Ccnd2, Tpl2, Dkmil, Dkmi9, Dkmi11, 
Dkmi15,Dkmi15, Dkmi20 and Dkmi28 were found to be mutually exclusive with Pim1, 
Pim2Pim2 and Pim3 (Table 3). Within this group of Pirn complementing loci, four of 
thee affected genes (Pim3, Kit, Ccnd2 and Tpl2) were identified by altered 
expressionn (data not shown). The observation that these loci belong to the 
PIMM complementation group suggests that the proteins encoded by the 
affectedd genes act either downstream of or parallel to PIM. Despite the 
unknownn position of the proteins encoded by the Pirn complementing genes in 
relationshipp to PIM signaling, the varying nature of these proteins would argue 
thatt PIM proteins, in analogy to members of the Myc family, fulfill a central 
rolee in a complex signaling network. A model fitting this hypothesis would be 
thatt PIM acts as a modulator of cross-talk between the stem cell factor (SCF) 
inducedd KIT signaling and cytokine signaling pathways (Fig. 3). 

Thee use of genetically modified mice in combination with high-throughput 
analysess of retroviral insertions and the availability of the complete mouse 
genomicc sequence have permitted us to zoom in on specific oncogenic 
signalingg pathways via an in vivo mammalian genetic screen. The strategy 
describedd here provides evidence whether a candidate gene belongs to a 
particularr signaling network, and permits a more focused approach in 
subsequentt biochemical analyses. Hence, it represents a genuine equivalent 
off the enhancer and suppressor screens that have proven to be very powerful 
toolss in Drosophila and C.elegans genetics. In addition, the methodology is 
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cumulativee and allows for combining data from independent panels as is 
illustratedd by the additional CISs that were identified upon comparison of the 
RISss from different panels. 

OO SCP O 

Figur ee 3. PIM proteins might act as regulators of the cross-talk between different interleukin 
andd growth factor signaling pathways. A variety of cytokines, such as IL-2, IL-3, IL4, IL-6, IL-7 
andd IL-9 induce high levels of Pirn transcription, whereas for example KIT-ligand, stem cell 
factorr (SCF), does not10,27. The binding of cytokines to their receptors induces proliferation as 
welll as differentiation of hematopoietic cells. For a maximal proliferative effect, cytokines such 
ass IL-2, IL-3 and IL-9 require the synergistic effect of SCF-induced signaling28'29,30. The 
observedd overexpression of 3 very distinct proteins KIT, TPL2 and CYCLIND2 in Pim1;Pim2 
deficientt lymphomas supports a role for PIM as modulator of cytokine/growth factor signals. In 
thee absence of PIM, the activity of the mitogenic SCF signal is lowered, which in turn can be 
overcomee by activation of the proteins acting in this cascade. In the model depicted, PIM acts 
onn the signals transduced by KIT, either upstream (a) or downstream of KIT (b, c). In order to 
inducee a maximum proliferative effect cytokines require the synergistic action of SCF. Genes 
inducedd by interleukins but not SCF, such as Pirn, are prime candidates to function in the 
cross-talkk mediating the synergistic proliferative effect10, 7. The modulating role for PIM is 
supportedd by the observations that enforced PIM1 expression reconstitutes the number of 
lymphocytess in Rag-deficient and common-gamma deficient mice31, and that PIM1 is 
recruitedd to the receptor complexes where it associates with the suppressor of cytokine 
signalingg (SOCS)15. 
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Method s s 

MiceMice and M-MuLVinfection: 
Thee E\iMyc mice, which were described elsewhere32, were bred with Pim1 
deficientt -Pim1neo59- mice33 and Pirn 2-deficient -Pim2K180 mice- (Allen, 
unpublished)) to generate E^Myc;Pim1'A, E[iMyc;Pim2'/' and Eu./Wyc;P/'mrA 

\Pim2~'~\Pim2~'~ mice. Neonates were infected with 1.105 infectious units of M-MuLV. 
Moribundd mice were sacrificed and lymphomas were isolated. All animal 
experimentss were approved by the Dutch Animal Research Committee. 

StatisticalStatistical analysis: 
Sincee exact calculations and simulations show that end-of-chromosome 
effectss can be ignored with a few hundred of proviral insertions, random 
insertionss in the genome constitute a Poisson process. Properties of this 
Poissonn process are: 
1.. The distance between two adjacent insertions is exponentially distributed. 

Thiss means that the probability that the distance is at most x equals 1-e(" 
x//j),, where }i equals the mean distance Gi(b+J\) (G = sequenced genome 
sizee (2.6 109), b = the total number of insertions). For small xlfi (<0.05) the 
probabilityy can be approximated by xlfi. 

2.. The number of insertions to "the right" of a selected insertion in a fixed 
windoww Wis Poisson distributed. This means that the probability of at least 
mm such extra insertions equals 1-exp(-A){1 + A + A2/2 + ... + Am'1/(m-1)!}, 
wheree X equals the mean number of insertions in window W: W*b/G and 
(m-1)!=1*2*3*...*(/77-1).. For m=1, i.e. a cluster of 2, this equals 1- exp(-A), 
orr approximately A, for m=2 (a cluster of 3) 1-exp(-A){1 + A}, or 
approximatelyy 1-(1-A+A2/2)*(1+A) = A2/2, for a cluster of 4 1-exp(-A){1 + A + 
A2/2},, or approximately 1-(1-A+A2/2-A3/6+A4/24)*(1+A+A2/2) =A3/6-A4/8. The 
approximationss only hold for a small mean number of insertion clusters in 
thee window (<0.05). 

SouthernSouthern blot analysis of common insertion sites: 
Genomicc tumor DNA (10 u.g) was restricted with the appropriate enzyme, 
separatedd on a 0.7 % agarose gel and subsequently transferred to Hybond-N 
membraness (Amersham). The number of proviral insertions and the insertions 
intoo the known CIS Pim1, Pim2, Bmi1 and Gfi1 were analyzed using the 
probess and restriction enzymes as described previously34,32,35. Genomic 
fragments,, free of repetitive sequences, flanking the proviruses and 
hybridizingg to a CIS were used as probes to analyze the frequency at which a 
proviruss inserted these loci. 

IsolationIsolation of proviral insertion sites: 
Ligation:Ligation: Tumor DNA (3 jig) was restricted with BstYl (New England Biolabs) 
afterr which the enzyme was inactivated. The splinkerette adaptor was 
generatedd by annealing the splinkerette oligos, HMSpAA and HMSpBB 
(primerr sequences are available on request). Both oligos contain 
modificationss of a splinkerette described previously11. The oligos (150 pmol 
each)) were denatured at C for 3' and subsequently cooled to room 
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temperaturee at a rate of C per 15" using a thermocycler (PTC100, Perkin 
Elmer).. 600 ng of genomic tumor DNA restricted with BstYl was ligated to the 
splinkerettee oligo (molar ratio 1:10) with 4 U T4 DNA ligase (Roche 
Diagnostics)) in a final volume of 40 uJ. To avoid amplification of the internal 3' 
M-MuLVV fragment, the ligated fragments were restricted with 10 U of EcoRV 
inn a total volume of 100 \i\. Ligation mixtures were desalted in a Microcon YM-
300 (Amicon BioSeparations) according to the manufacturer's instructions. 
PCRPCR Amplification: M-MuLV flanking sequences were amplified with a 
radioactivee LTR-specific primer, AB949, and a splinkerette-primer, HMSpl 
(primerr sequences are available upon request). Primer AB949 (10 pmol) was 
radioactivelyy labelled with y-32P ATP (3 uCu) using T4 PNK (0.2U) (Roche 
Diagnostics). . 
Thee 50 ul PCR mixture contained 150 ng ligated tumor DNA, 10 pmol primer 
(each),, 300 nmol dNTPs, 1 U PfulTurbo™ and 1X PfulTurbo™ buffer 
(Stratagene).. The hot start PCR conditions were 3' , 2 cycles 15" , 
30"" , 3' 30" , 27 cycles 15" , 30" , 3' 30" , and 5' 

.. Radioactive PCR fragments were concentrated using a microcon-30 
(Amiconn BioSeparations) and subsequently separated on a 3.5% denaturing 
polyacrylamidee gel. The gels were dried onto 3MM Wattman paper and 
exposedd O/N to X-Omat AR films (Kodak). Amplified fragments were excised 
fromm the gel and boiled for 30' in 100 ul TE. 1 uJ of the DNA solution was used 
forr a nested amplification with a 32P labelled virus specific primer HM001 and 
aa non-radioactive splinkerette-specific primer HMSp2 (primer sequences are 
availablee upon request). The nested PCR was performed with 5 pmol of 
primerss (each), 200 nM dNTPs (each), 1.75 mM Mg, 1 U Taq polymerase 
(Gibcoo BRL), 1X PCR buffer (Gibco BRL) in a final volume of 20 ul. The PCR 
conditionss were 15" , 30" , 3' C for 25 cycles (fragments < 
400bps)) or for 28 cycles (fragments >400bps). The re-amplified fragments 
weree separated on a 3.5% denaturing polyacrylamide gel and isolated as 
describedd above. 1 \i\ of the amplified fragments were again re-amplified in a 
non-radioactivee PCR of 25 cycles under the conditions as described for the 
radioactivee nested PCR. 

SequenceSequence analysis: The nested PCR mixture was treated with 0.5 U 
exonucleasee and 0.5 U shrimp alkaline phoshatase according to the 
manufacturerr (Amersham). About 25 ng of the PCR product was used in the 
sequencee reaction containing BigDye terminator mix (Perkin Elmer) and 
primerr HM001. In addition, HMSp2 was used as primer for sequencing of the 
amplifiedd fragments larger than 500 bps. Automated sequencing was 
performedd on an ABI 377 (Perkin Elmer). The sequences were processed 
withh Sequencher 3.1.1™ and blasted against the annotated mouse genome 
databasess at Celera (release 12) and Ensembl (edition:v6.3a.1). 

AccessionAccession numbers: 
Thee 477 flanking sequences of the retroviral insertions in the EfiMyc tumors 
(Dkm)(Dkm) were deposited in GenBank at NCBI (accession numbers: AY127080 
throughh AY127557). Further information is available at 
http://www.protagdb.nki.nl. . 
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Provira ll  activatio n of the tumo r suppresso r E2a 
contribute ss to T cel l lymphomagenesi s in 

E\iMycE\iMyc  transgeni c mic e 

Abstrac t t 

Thee basic helix-loop-helix factor E2A plays an important role in the develop-
mentt of B and T lymphocytes. In addition, E2a has been implicated as a gene 
withh tumor suppressor activity, since mice deficient for E2a succumb to T cell 
lymphomas.. We have performed retroviral tagging in EuMyc transgenic mice 
too identify genes that contribute to lymphomagenesis. The EyiMyc transgenic 
mousee is a well-established model of a common translocation in human B cell 
lymphomas.. Analyses of the proviral insertion sites in the MuLV-induced lym-
phomass revealed that a number of T cell lymphomas carried proviral inser-
tionss in the promoter region of E2a. These proviral insertions yield hybrid viral-
E2aE2a mRNAs resulting in a marked rise in E2A protein levels. The proviral in-
sertionss in E2a were predominantly of clonal origin indicating that E2a inser-
tionss are early events in these T cell lymphomas. The primary oncogenic ef-
fectt of E2A is likely to be associated with enhancement of transcription of the 
c-Mycc-Myc transgene via binding to the regulatory immunoglobulin enhancers. The 
resultss herein thus provide the first evidence that in a specific setting E2A 
overexpressionn can contribute to T-lymphomagenesis. This implies that E2a 
containss oncogenic features in addition to the previously described tumor 
suppressivee properties. 

Introductio n n 

Thee E2A proteins belong to the highly conserved family of basic helix-loop-
helixx (bHLH) transcription factors. The E2a gene encodes two proteins E47 
andd E12. Both proteins contain identical transactivation domains, but a distinct 
dimerizationn domain enabling E47 to form homo- or heterodimers and E12 
onlyy heterodimers (Murre et al., 1989). Upon homo- or heterodimerization with 
tissue-specificc bHLHs, E2A binds the canonical E-box sequences in the pro-
moterr regions of their target genes and activate transcription. The tumorigenic 
potentiall of transactivation by E2A is illustrated by two distinct translocations 
t(11 ;19) and t(17;19) involving fusions of the transactivation domains of E2A to 
thee DNA binding domains of the homeodomain gene, PBX, or the basic 
leucinee zipper gene, HLF, causing pre-B acute lymphoid leukemia (ALL) and 
pro-BB ALL in human, respectively (Kamps et al., 1990; Nourse er a/., 1990; 
Inabaefa/.,, 1992). 

Normally,, E2A regulates important cellular processes such as B and T 
lymphoidd development. In B cell development E2A drives differentiation of B-
progenitorr cells towards pre-B and mature B cells (Bain et al., 1994; Zhuang 
era/.,, 1994). Ectopic expression of E2A in a pre-T cell line or a macrophage 
celll line induces expression of the B cell specific genes / / i , Rag1, 15, Ebf, 
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H7raH7ra and Pax-5, which are involved in the early development of B cells 
(Schlissell et al. 1991; Kee and Murre, 1998). The binding of E2A to the E 
boxess in the immunoglobulin gene regulatory regions is needed for maturation 
off B cells, since their development is blocked before rearrangement of the 
immunoglobulinn genes in E2a knockout mice (Bain et al., 1994). In addition to 
aa block in B cell development, E2a-deficient mice show a defect in the differ-
entiationn of T cells. The development of T lymphoid cells is partially arrested 
att the CD4/CD8 double negative (DN) stage before rearrangement of the TCR 
PP genes (Bain et al., 1999). A similar block in T cell maturation is observed in 
micee expressing a dominant negative variant of HEB, a bHLH factor that is 
expressedd in thymus and normally dimerizes with E2A (Barndt et al., 2000). 
Inn this context, dominant negative HEB dimerizes with E2A, but is unable to 
bindd DNA. Reinforced expression of a functional TCR in these mice did not 
rescuee the defect, indicating that E2A-HEB heterodimers also play an impor-
tantt role after the rearrangement of the TCRp genes. E2A can also dimerize 
withh HLH proteins that contain a dimerization domain but lack a DNA binding 
domain.. These inhibitory domain (ID) proteins behave as endogenous domi-
nantt negative E2A proteins by preventing binding of E2A heterodimers to the 
EE elements (Benezra et al., 1990). In the absence of ID3, the maturation of 
CD4/CD88 double positive (DP) T lymphocytes to CD4 or CD8 single positive 
(SP)) T cells is blocked (Rivera et al., 2000). This block is absent in mice defi-
cientt for both E2a and Id3 indicating that E2A can, under these circum-
stances,, inhibit differentiation of T lymphocytes and underscores the need for 
aa balanced expression of the bHLH and HLH proteins for normal T cell devel-
opment. . 

Severall observations have led to the conclusion that E2A can act as a 
tumorr suppressor in T cell lymphomagenesis. Overexpression of E2A in a 
humann T-acute lymphoblastic leukemia (T-ALL) inhibits cell cycle progression 
andd induces apoptosis (Park et al., 1999). In line with this, mice lacking E2a 
developp T cell lymphomas and re-expression of E2A in these tumors results in 
thee induction of apoptosis (Bain et al., 1997; Yan et al., 1997; Engel and 
Murre,, 1999). Similarly, in NIH 3T3 fibroblasts, overexpression of E2A causes 
aa G1 arrest (Peverali era/., 1994), whereas E2A can promote cell cycle pro-
gressionn in B cells (Zhao et al., 2001). 

Humann leukemtas are often the result of reciprocal translocations in-
volvingg the immunogobulin-locus and an oncogene, where the presence of 
thee immunoglobulin enhancers deregulates the expression of the fused onco-
genee (Kuppers and Dalla-Favera, 2001). The tumors arising from such trans-
locationss can be studied in mouse models in which the translocation has been 
introducedd as a transoncogene (Adams et al., 1999). We performed retroviral 
insertionall mutagenesis in Eji/Wyc mice, which express c-Myc under control of 
thee immunoglobulin enhancers, to identify genes that contribute to lymphoma-
genesis.. Identification of the retroviral insertion sites revealed that a substan-
tiall proportion of T cell lymphomas, but none of the B cell lymphomas, carried 
aa provirus near the E2a gene. Characterization of these tumors showed that 
thee proviral E2a insertions induce high levels of E2A. In addition, we present 
evidencee that, in this experimental setting, the activation of E2a is an early 
eventt in T cell lymphomagenesis and is instrumental in enhancing c-Myc 
transgenee expression. 
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Result s s 

TheThe E2a locus is frequently mutated in E\x.Myc T cell lymphomas by proviral 
insertion insertion 
Neonatess expressing the c-Myc transgene under control of the endogenous 
murinee c-Myc proximal promoter and immunoglobulin heavy chain enhancers 
weree infected with Moloney murine leukemia virus (M-MuLV). The mice 
succumbedd to lymphomas with a median latency of 45 days. FACS analysis 
showedd that the majority of mice developed lymphomas of the B cell lineage. 
However,, 25% of the mice developed T cell lymphomas. These observations 
aree in line with previously published results (van der Lugt et a/., 1995; van 
Lohuizenefa/.,, 1991). 

Inn order to identify genes that contribute to T cell lymphomagenesis in 
thesee mice, the genomic sequences flanking the provirus in the T cell lym-
phomass were isolated utilizing a splinkerette-based PCR amplification 
(Mikkerss et a/., 2002). The amplified provirus flanking sequences were se-
quencedd and compared to the EST, non-redundant and mouse genome data-
basess at NCBI. BLAST searches revealed that two independent T cell lym-
phomas,, 81 and 11, carried a proviral insertion in the same genomic 

81 1 
249 9 
«•154 4 

*-J1 1 

CC'$P'$P exon 1 E2a E2a 

TT cell lymphomas + E2a insertion 

355 81 249 154 11 23 

endogenouss » i w — - . „ 14 Kb 

Figuree 1. Proviral insertions upstream of the E2a gene in MuLV-induced EuMyc 
TT cell lymphomas, (a) Isolation of genomic sequences flanking the 5' LTR of the 
proviruss and a subsequent BLAST-search against the mouse trace database at 
NCBII revealed two proviral insertions (black arrows) 5' of E2a in the same tran-
scriptionall orientation. Analysis of the other lymphomas revealed three additional 
provirall insertions upstream of E2a (grey arrows), (b) Southern blot analysis for 
E2aa insertions using the fragment depicted in figure 1a as probe (grey) showed 
fivee proviral insertions in the E2a locus in MuLV-induced T cell lymphomas. 
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region.. This site was therefore designated a common proviral insertion site 
(CIS).. A CIS is indicative of the oncogenic potential of a certain locus. This is 
basedd on robust statistical considerations of CISs (Mikkers et a/., 2002) and 
supportedd by the oncogenic properties of all other previously identified com-
monn proviral target genes such as c-Myc and Pim1 (for review see Jonkers 
andd Berns, 1996). Subsequent sequence analysis of these proviral insertions 
showedd that the proviruses had inserted upstream of, and in the same tran-
scriptionall orientation as, the E2a gene (Figure 1a). To determine the fre-
quencyy of proviral insertion at this locus, Southern blot analysis of 110 E^Myc 
tumorss was performed using a 600 bps BstYl fragment upstream of E2a as a 
probe.. A total of 5 independent E(iMyc tumors, all of which showed a similar T 
celll specific marker profile (CD4+CD8+ DP), carried a proviral insertion in the 
E2aE2a locus (Figure 1b). The finding that 5 of 27 T cell lymphomas and none of 
833 B cell lymphomas carried proviral insertions in the E2a locus makes provi-
rall insertions near E2a, at least in the EuJWyc background, T cell exclusive (P 
== 0.001, Fisher's exact test). Furthermore, these Southern analyses illustrated 
thatt the majority of E2a insertions are clonal in tumors that contain additional 
subclonall proviral insertions at other loci. This indicates that insertions in the 
E2aE2a locus thus likely occurred early on in the tumorigenic process and, hence, 
thesee E2a insertions fulfil an important step in the selection process of these T 
celll lymphomas. 

Wild-typeWild-type E2A is overexpressed in T cell lymphomas carrying E2a insertions 
Thee incidence of T cell lymphomas in E2a~'~ mice together with the potential of 
exogenouslyy introduced E2A to induce apoptosis in E2a-deficient T cell lym-
phomass and human T-ALL cell lines has provided evidence for a tumor sup-
pressorr role for E2A in T cell lymphomagenesis (Bain et a/., 1997; Yan et a/., 
1997;; Engel and Murre, 1999; Park et al., 1999). However, our observation of 
provirall insertions in the E2a promoter region in the same transcriptional ori-
entationn as E2a suggests that the provirus serves as an alternative promoter 
forr E2a transcription {for review see Jonkers and Berns, 1996). To address 
thee question of whether the proviral insertions near E2a indeed altered E2A 
expression,, E2a mRNA and protein levels in these tumors were determined. 
Thee E2a mRNA transcript levels were not consistently higher than those in T 
celll lymphomas lacking insertions near E2a (Figure 2a). However, the protein 
levelss of both E47 and E12 were increased markedly (Figure 2b), indicating 
thatt not transcription initiation, but rather mRNA translation is altered as a 
consequencee of the proviral insertions. 

Thee size of E2A mRNA and protein appeared unaffected compared to 
thee endogenous E2A in control lymphomas and MEL cells, indicating that the 
codingg sequence was not affected by proviral insertions. In case of a proviral 
promoterr insertion, transcription of the mutant mRNA normally starts from the 
CAPP site in the 5' or 3' long terminal repeat (LTR) of the provirus (Jonkers and 
Berns,, 1996). To analyze the E2a transcripts in the tumors carrying insertions 
nearr E2a, mutant E2a cDNAs were generated by RT-PCR amplification using 
aa virus-specific primer and an E2a-specific primer (Figure 3a). Alignment of 
thee genomic sequence 5' of the E2a gene with the sequence of the amplified 
cDNAss revealed that in all tumors the mutant E2a messenger starts in the 5' 
LTRR of the provirus, is spliced from the splice donor site in the provirus, 
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TT eel! lymphomas T cell lymphomas B cell lymphomas 
-£2aa insertion + E2a insertion -E2a insertion 

788 236 35 81 249 15 11 23 77 233 126 

Itill l 

Sap ** » » • * • - < • « 

TT cell lymphomas T cell lymphomas 
-E2a-E2a insertion + E2a insertion 

SS cell lymphomas 
 insertion 

MELL 78 236 35 81 249 154 11 23 233 126 

Figuree 2. Proviral insertions 
upstreamm of E2a increase 
E2AA protein, but not transcript 
levels. . 
(a)) E2a mRNA expression in 
TT cell lymphomas with or 
withoutt E2a insertions. 
(b)) Western blot analysis of 
thee E47 and E12 levels in 
tumorss carrying or lacking 
provirall insertions in the E2a 
locus. . 

GSK3|1 1 

upstreamm of GAG, to a cryptic splice acceptor site in the 5' UTR of E2a, 57 
nucleotidess upstream of the ATG start (Figure 3b). On the basis of the ge-
nomicc sequence of the murine E2a locus and the rat E2a mRNA sequence, 
whichh is longer than the mouse E2a mRNA sequence in the NR database at 
NCBI,, the mutant E2a RNA was calculated to be 97 bases longer and en-
codess an intact wild-type E2A protein. This altered 5' UTR of the E2a tran-
scriptt is likely to increase the translation efficiency of the proviral E2a fusion 
transcript,, since it is known that the translation efficiency of eukaryotic mRNAs 
dependss on the secondary structures in the 5' UTR (Kochetov etal., 1998). 

Althoughh this mutant E2a transcript is the most abundant one gener-
atedd by the provirus, the simultaneous expression of dominant negative E2A 
splicee variants cannot be formally excluded. Therefore, we analyzed different 
TT cell tumors for their E2A transactivation capacity. Transfection of 679, a T 
celll line without E2a insertions, and DKM81, one of our T-lymphomas carrying 
aa clonal proviral insertion in the E2a gene, with an E2A responsive reporter 
plasmidd in which the luciferase reporter gene is driven by six E|a.-elements 
showedd that tumor DKM81 exhibited nearly a two-log enhanced transcription 
off the reporter gene (figure 4). Ectopic expression of E47 increased the E2A-
mediatedd transactivation in DKM81 even more. These results demonstrate 
thatt the T cell tumors carrying proviral insertions near E2a produce high levels 
off transactivating wild-type E2A, implying that E2A overexpression contributed 
too T cell lymphomagenesis in these tumors. 
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5'LTRR 3'LTR 

exonn 1 • • 2 2 
"I" " 

TT cell l ymphomas 
++ E2a insert ion 

35 5 
+ + 

811 11 
++ + 

bb 5'-GCATCCGACTTGTGGTCTCGCTGTTCCTTGGGAGGGTCTCCTCTGAGTGATTGACTACCCGTCA 
GCGGGGGTCTTTCATTTGGGGGCTCGTCCGGGATCGGGAGACCCCTGCCCAGGGACCACCGACC C 
CACCACCGGGAGgtaagctt tccctctgtttctccccttctgtcccctggtgtcaccacagGG 
CTGTCTCTAGACCTGGGGGACGCACCCCAGTTCCAACACCTGCTGTCCTGGGTGGATGATGAACC C 
AGTCTCAGAGAATGGCACCCT-3' ' 

Figuree 3. E2a transcription starts from the viral promoter in the 5' LTR and yields a slightly 
largerr mRNA encoding wild-type E2A. (a) RT-PCR of the viral-£2a transcript using a virus-
specificc and an E2a exon 2 primer in T cell lymphomas with or without proviral insertions near 
E2a.E2a. Lanes marked (+) contain samples to which reverse transcriptase was added, (b) Com-
parisonn of the genomic and the viral-£2a messenger sequences reveals splicing of the fusion 
transcriptt from a splice donor (SD) site in the virus to a cryptic splice acceptor (SA) site in the 
5'' UTR of E2a. SD and SA sites and the translation start are depicted in bold. 

reporter r reporterr + E47 

Figuree 4. The overexpressed 
E2AA protein is functionally 
active.. T cell lines positive 
(DKM81)) or negative (679) for 
provirall E2a insertions were 
transfectedd with an E2A-
responsivee luciferase reporter 
inn the presence or absence of 
E477 and the luciferase activity 
wass determined. Results 
representt the mean of three 
independentt experiments. 

E2aE2a overexpression is likely associated with an enhanced transcription of the 
immunoglobulinimmunoglobulin heavy chain enhancers controlled transgene in MuLV-in-
ducedduced T cell lymphomas 

Wee have shown that E2A is overexpressed via proviral insertion in 5 
E\iMycE\iMyc T cell lymphomas, but the question remained whether the insertions 
nearr E2a are exclusive for T cell lymphomas generated in the E[iMyc back-
ground.. If E2a would be a dominant oncogene in T cell lymphomagenesis, 
provirall insertions near E2a would also be selected for in MuLV-induced T 
lymphomass derived from a distinct background. Therefore, 39 MuLV-induced 
TT cell lymphomas derived from H2K-/Wyc transgenic animals in which c-Myc 
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expressionn is driven by the MHC class I H2K promoter, 30, 30 and 22 T cell 
lymphomass derived from E\iPim1, E\iBmi1 and E\iGfi1 transgenic animals, 
respectively,, and 123 wild-type T cell tumors were analyzed for E2a promoter 
insertions.. From this collection, only one T cell lymphoma carried a proviral 
insertionn near E2a (not shown). It was a CD4+ T cell lymphoma derived from 
ann EuP/m) transgenic mouse, and the proviral insertion was clonal. As in 
E\iMycE\iMyc transgenic mice, the expression of the Pim1 transgene in E\iPim1 
micee is under the control of immunoglobulin heavy chain enhancers. The ex-
clusivee presence of E2a promoter insertions in tumors with E^driven transon-
cogeness excludes a role for E2a as a dominant oncogene. Together with the 
notionn that E2a is known to induce transcription of the immunoglobulin chains 
viaa binding to their regulatory E boxes (Murre ef a/., 1989; Bain ef a/., 1993; 
Shenn and Kadesch, 1995) it however suggests that E2a insertions exert their 
oncogenicc effect through altered expression of the transgene. This would be 
inn line with our observation that proviral activations of E2a are early events in 
tumorr initiation rather than tumor progression, and also explain the E2a inser-
tionn in the E\iPim1 tumor, since it is known that the oncogenic potential of 
Pim1Pim1 is strongly dose-dependent (Domen ef a/., 1993;van der Lugt et al., 
1995;; Allen era/., 1997). 

Figur ee 5. mRNA levels of 
c-Mycc-Myc in T cell lympho-
mass of E]xMyc transgenic 
mice. . 
(a)) Transgenic c-Myc 
RNAA levels in tumors 
withh and without proviral 
E2aE2a insertions. 
(b)) Southern blot analysis 
off proviral insertions in 
thee endogenous or 
transgenicc c-Myc locus in 
MuLV-inducedd E\iMyc T 
celll lymphomas using c-
MycMyc cDNA as a probe. 

Unlikee E\iMyc B cells, transgenic T cells do normally not express the c-
MycMyc transgene (Langdon era/., 1986; Alexander et al., 1987), whereas 
upregulationn of Myc, through either direct or indirect mechanisms, is invariably 
seenn in MuLV-induced lymphomas (Berns et al., 1994). In addition, it has 
beenn shown that E\x.Myc B cell lymphomas, both the spontaneous as well as 
thee MuLV-induced tumors, have lost the endogenous c-Myc mRNA and only 
expresss the transgenic copy (Adams et al., 1985; van Lohuizen ef al., 1991). 
Inn line with this, high levels of the transgenic c-Myc mRNA were found in all 
tumorss regardless of proviral insertions in the promoter of E2a (Figure 5a). 
Thiss observation suggests that proviral activation of E2a reflects one of the 
wayss to augment c-Myc expression. Since proviral insertions near c-Myc are 
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oftenn found in MuLV-induced lymphomas, the most straightforward way to 
enhancee MYC levels would be via proviral insertions in c-Myc, either the en-
dogenouss gene or transgene. Southern blot analysis of the EuVWyc tumors for 
provirall insertions in c-Myc using a c-Myc cDNA probe showed that two T cell 
lymphomas,, but none of the B cell lymphomas, carried insertions near c-Myc. 
Sincee the cDNA probe does not allow discrimination between the endogenous 
orr transgene, it remains open which c-Myc locus the proviruses inserted. 
Thesee results however underscore the requirement for enhanced MYC levels 
inn T cell lymphomagenesis of E\iMyc mice (P = 0.042 Fisher's exact test) 
(Figuree 5b). 

E|jj enhancer 

" " " "  r- i 

/c-Myc/c-Myc exon 1 and % 
non-codingg part of exon 2 

.9-- 2 

a a 
reporter r reporterr + E47 

Figur ee 6.The E47 protein 
enhancess transcription of 
E|A-controlledd transgenes 
inn T cells. . 
(a)) The c-Myc gene was 
replacedd by the lu-
ciferasee cDNA, leaving 
thee original c-Myc start-
codonn (*) in place to cre-
atee the E|i-luciferase 
construct.. N = Nhel, X = 
Xbal l 
(b)) Two T cell lines (EL-4 
andd 679), which do not 
expresss E2A, were co-
transfectedd with E47 
expressionn and E(i-
luciferasee plasmids and 
luciferasee activity was 
measured.. The data 
representt the mean of 
fourr independent ex-
periments.. * P = 0.001 ** 
PP = 0.004 (ANOVA). 

Inn order to test the notion that E2A can enhance expression of a gene 
regulatedd by the EuMyc promoter, the c-Myc coding region in the transgenic 
cassettee was replaced with the luciferase gene (Figure 6a). Cotransfection of 
EL-44 or 679 T cells with the Eu-luciferase reporter and E47 expression plas-
midss showed that E47 enhances transcription of this specific reporter gene 
approximatelyy 2 fold (P = 0.001 and P = 0.004, respectively). Although this is 
aa relatively modest effect, it supports the view that proviral insertions near E2a 
inn our tumor models act by upregulating expression of the transgene (Fiqure 
6b). . 
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Discussio n n 

Thee data presented here illustrate that the E2A basic helix-loop-helix factors 
needd not necessarily to act exclusively as tumor suppressors in T cell lym-
phomagenesis,, as has been proposed by studies in which E2a-deficient mice 
developp T cell lymphomas or in which ectopically introduced E2A induces 
apoptosiss in T cell lymphomas (Bain et al., 1997; Yan ef a/., 1997; Engel and 
Murre,, 1999; Park et a/., 1999). We show here that in MuLV-induced T cell 
lymphomass in E\iMyc mice proviral insertions in the promoter region of E2a 
causee high levels of E2A protein, likely as a result of more efficient translation 
off the altered mRNA, a mechanism similar to the provirus-mediated overex-
pressionn of LCK in T lymphomas (Voronova et al., 1987). In the EuMyc T cell 
lymphomass described here high E2A levels evidently trigger the development 
off T cell lymphomas by augmenting transgenic c-Myc levels. Since end-stage 
TT cell lymphomas still express high levels of functional E2A, E2A is likely in-
strumentall in maintaining high levels of MYC throughout the tumorigenic 
process.. This is in accordance with the maintenance function of other genes 
implicatedd in tumor initiation (Felsher and Bishop, 1999; Fisher ef al., 2001). 
Wee can, however, not exclude the possibility that E2A confers an additional 
selectivee growth advantage on the T cell lymphomas, although this is unlikely 
inn view of the fact that E2a activation was never found in tumors lacking an 
oncogenee driven by an E2A responsive Eu-promoter. Hence, whether E2A 
losss or E2A overexpression contributes to T lymphomagenesis depends on 
thee experimental setting, underscoring the selective pressure imposed by the 
initiall lesion on subsequent events in neoplastic transformation. 

Thee ability of E2A to induce apoptosis in immature E2a-deficient and 
maturee CD4+ T cell lymphomas seems contradictory to the E2A overexpres-
sionn in CD4+CD8+ T cell lymphomas observed in this study. The majority of T 
celll lymphomas isolated from the E2a knockout mice express, like the E\iMyc 
lymphomas,, high levels of MYC caused by amplifications of c-Myc (Bain et al., 
1994).. High MYC levels are known to induce apoptosis by either a P53 de-
pendentt or independent pathway (Hsu et al., 1995; Sakamuro ef al., 1995). A 
potentiall explanation for this observation would be that in E2a-deficient lym-
phomass the MYc-induced apoptosis is inhibited by the absence of E2A, posi-
tioningg E2A downstream of MYc-induced apoptosis. In order to yield E\iMyc 
lymphomass expressing high levels of both MYC and E2A the apoptosis in-
ducedd by these proteins needs to be impaired. To prevent apoptosis this 
eventt has to occur prior to E2a and concomitant Myc activation, since only 
geneticc alterations that inhibit the E2A- and MYc-induced apoptosis would 
alloww expansion of cells carrying a proviral insertion near E2a. 

Thee levels of E2A, predominantly expressed as E47, are high in late DN 
(DN33 and DN4) and early DP T lymphocytes during positive selection of T 
cells,, and low during transition of DP to SP T lymphocytes and in mature T 
cellss (Bain et al., 1999; Engel ef al., 2001). It is therefore remarkable that none 
off the E\iMyc T cell lymphomas were of the DN3, DN4 or early DP immature 
phenotype.. This suggests that transactivation of the EuMyc transgene by en-
dogenouss E2A is not very efficient in the early stages of T cell development, 
orr alternatively, T cells in this differentiation window do not serve as a suitable 
celll population to acquire subsequent hits driving transformation. In addition, 
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wee never identified proviral insertions near E2a in MuLV-induced E\iMyc B 
celll lymphomas, although E2A can upregulate an E(i-driven transgene. This is 
likelyy explained by the lack of the requirement to activate c-Myc in these B cell 
lymphomass in contrast to the described situation in E\iMyc T cell lymphomas. 
c-Mycc-Myc is expressed at very high levels in the B-lymphoid compartment of the 
EuVWycc mice (figure 5), probably as a result of high endogenous E47 levels 
(figuree 3), thereby diminishing the selective advantage provided by extra c-
Myc. Myc. 

Tumorigenesiss is a continuous selection process involving step-wise 
alterationss affecting the expression of oncogenes and tumor suppressor 
geness ultimately leading to a full-blown tumor. In MuLV-induced tumors, only 
thee proviral insertions that confer a growth advantage to a cell will be selected 
forr during lymphomagenesis. This means that every tumor population con-
tainss multiple proviral insertions of which the most clonal ones represent the 
mostt dominant, or early, selection events. In addition, two events reflecting 
thee same contribution to tumorigenesis will hardly ever be found in one, 
monoclonal,, tumor population. Although a number of tumors carrying E2a in-
sertionss consisted of an oligoclonal population of tumor cells, the E2a inser-
tionss in these tumors were clonal indicating that E2A overexpression con-
ferredd a significant and most likely early event in these tumors. Since only 
eventss collaborating with E2A in lymphomagenesis will be present in tumors 
carryingg a proviral insertion near E2a, the assignment of E2A to a group of 
geness with overlapping functions, and therefore designated a complementa-
tionn group, can be addressed. Analysis of the lymphomas carrying E2a inser-
tionss for mutations collaborating with E2A and the subsequent assignment of 
E2AA to a complementation group might provide more insight in the apoptotic 
andd oncogenic signaling pathways of E2A. Approximately 40% of the E\iMyc 
TT cell lymphomas generated by MuLV infection carry proviral insertions af-
fectingg Pim1, a serine/threonine kinase (Lohuizen et al. 1991) and/or Gfi1, a 
proteinn with characteristics of a transcriptional repressor (Gilks et al., 1993; 
Grimess era/., 1996; Zweidler-Mckay etal., 1996; Scheijen etal., 1997). In the 
Eu/Wycc T cell lymphomas carrying E2a insertions, proviral insertions near 
Pim1Pim1 (including clonal), but no insertions affecting Gfi1 were found (P = 0.06 
Fisher'ss exact test). Consistent with this, proviral insertions near E2a were 
lackingg in 22 E\iGfi1 T cell lymphomas. Besides the absence of E2a insertions 
inn EuGf/7 T cell lymphomas, E2a insertions have not been found in 30 T cell 
lymphomass derived from E\xBmi1 mice. Proviral insertions near GfH are rarely 
foundfound together with insertions affecting Bmi1, a transcriptional repressor of the 
pp1616ink4aink4a a n d pigArf{umor s u p p r e s s o r ge n es (Jacobs et al., 1999a), suggesting 
thatt Gfi1 and Bmi1 exhibit a partially overlapping function with respect to their 
cooperationn with Myc (Scheijen et al., 1997). The main oncogenic effect of 
Bmi1Bmi1 is inhibition of the MYc-induced apoptosis, explaining the strong collabo-
rationn of Bmi1 with c-Myc in lymphomagenesis (Jacobs et al., 1999b). E2A 
clearlyy does not fit in this category. Proviral insertions near E2a likely can only 
persistt in a cell that has already acquired an oncogenic event counteracting 
thee E2A-mediated apoptosis. Apparently, the Gfi1/Bmi1 complementation 
groupp does not fulfill these requirements. This is supported by the identifica-
tionn of a clonal proviral insertion enhancing the expression of Bcl2l, a BCL-2 
familyy member, in a tumor that carries an E2a insertion (not shown). 
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Thee identification of E2a as a gene activated by proviral insertions in 
18%% of the E\iMyc T cell lymphomas has revealed an unexpected new role of 
E2aE2a in T cell lymphomagenesis. In addition, the prime oncogenic effect medi-
atedd by high levels of E2A, namely enhancement of expression of a transon-
cogene,, shows the feasibility of an in vivo genetic screen to identify transcrip-
tionall activators of genes. Furthermore, our data emphasize the importance of 
thee nature of initiating mutations in dictating selection of subsequent lesions 
requiredd for tumor progression. Interestingly, this fits well with recent observa-
tionss showing that the expression profiles of relatively early tumor lesions al-
readyy predict tumor characteristics that are thought to result from later occur-
ringg genetic alterations such as the capacity of tumors to metastasize (van 't 
Veerr et a/., 2002). Our observations support the view that this might be rule 
ratherr than exception. 

Material ss  and method s 

TransgenicTransgenic mice, tumor induction and cell type analysis: 
EjiMycc (Adams et a/., 1985; van Lohuizen et a/., 1991), H2K-/Wyc (Jonkers et 
al.,al., 1997), E\iPim1 (van Lohuizen era/., 1989), E\iBmi1 (Alkema era/., 1995) 
andd E[iGfi1 (Scheijen et ai, personal communication) neonates were infected 
withh 1.105 infectious units of M-MuLV. Moribund mice were sacrificed and 
lymphomass were isolated. Lymphoma cells were disaggregated and analyzed 
byy FACS using PE-conjugated anti-CD4 (YTS 191.1) (Caltag), FiTc-
conjugatedd anti-CD8 (53-6.7) (Pharmingen) and biotinylated anti-B220 (RA3-
6B2)) (Pharmingen) antibodies. Bound biotinylated antibodies were detected 
withh Streptavidin-PerCP (Becton Dickinson). Staining was analyzed on a 
FACScan®® flow cytometer (Becton Dickinson). 

Splinkerette-basedSplinkerette-based amplification of proviral insertion sites: 
Briefly,, splinkerette-adaptors were ligated to BstYl restricted genomic tumor 
DNAA (Mikkers etal., 2002). The splinkerrette/genomic DNA fragments were 
amplifiedd using 32P-labeled virus-specific and splinkerrette-specific primers. 
Fragmentss were separated on a 3.5% poly acrylamide gel and excised. The 
excisedd fragments were re-amplified with a nested primer set, again sepa-
ratedd on a 3.5% PAA gel and excised. Re-amplification with the same primers 
yieldedd ready-to-sequence products. BigDye sequence reactions were per-
formedd according the manufacturer (Perkin Elmer) and analyzed on an 
ABI3777 automated sequencer (Perkin Elmer). The sequences were processed 
usingg Sequencher3.1.1™ and subsequently blasted against the EST and non-
redundantt and mouse genomic databases at NCBI. 

SouthernSouthern and Northern blotting: 
Tumorr DNA was isolated as previously described (van de Putten etal., 1979). 
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Forr Southern blot analyses, tumor DNA (10 ug) was digested with Asp718 
andd separated on a 0.6% agarose gel. DNA was transferred to Hybond-N+ 
membraness (Amersham) under alkaline conditions. A genomic BstYl fragment 
5'' of the E2a gene, isolated from the mouse PAC library RPCI21 (purchased 
fromm P. de Jong, Roswell Park) and full-length mouse c-Myc cDNA were used 
ass probes. Total tumor RNA was isolated by homogenization of tumors in Tri-
zoll (Gibco-BRL) according the manufacturer's protocol. Tumor RNA (10 ug) 
wass separated on a 1% formaldehyde gel and subsequently transferred to 
Hybond-NN membranes (Amersham). Full length r\E47 (kind gift of C. Murre, 
UCSD),, mouse c-Myc and hGAPDH cDNAs were used as probes. 

ProteinProtein isolation and Western blotting: 
Totall protein was extracted from the tumors as described previously (Bain et 
a/.,, 1999). Total proteins (25 ug) were separated on 9% SDS-polyacrylamide 
gelss and transferred to nitocellulose membranes (Schleicher and Schuell). 
Blotss were incubated with monoclonal antibodies specific for E47 (32.1, 
Pharmingen,)) E12 (382.6, Pharmingen,) or GSK3 (Transduction laboratories). 
Proteinss were visualised with HRP-labeled secondary antibodies (Dako) and 
ECLL (Amersham). 

RT-PCRRT-PCR and genomic PCR on tumor mRNA: 
Tumor-specificc cDNA was generated by incubation of DNase-treated RNA (5 
|ig)) with 2U Superscript II reverse transcriptase (Gibco BRL) and 75 ng of 
randomm hexamers (Promega) for 50' at . After RNase H treatment of the 
cDNA,, the virus-specific E2a cDNA was amplified with the primers Mul_V-U5: 
5'-CTCTTGCAGTTGCATCCGACTTGTG-3'' and E2a 5': 5'-
GCACCTTCGTGTATGTCCG-3'.. Using the same primers, genomic DNA was 
amplifiedd from tumors 11 and 23. DNA sequences were analyzed using Big-
Dyee Terminator chemistry (Perkin Elmer) on an automated ABI377 Sequencer 
(Perkinn Elmer). 

LuciferaseLuciferase reporter assay. 
Inn order to precisely retain the c-Myc intron 1- exon 2 boundaries in pA17-
LUC,, a Ncol site was introduced at the c-Myc start by PCR (CGATG -» 
CCATG).. The primers were as follows: saMycXbal 5 -
GCTGGATAACTCTAGACTTGC-3 '' and saMycNco l 5'-
TTTTTCCATGGTCGTGGCTGTCTGC-3'.. Using this linker, the c-Myc coding 
sequencess in pA17 (Adams et al. 1985) were replaced with the luciferase 
gene,, containing a Ncol site within the ATG coding nucleotides, by insertion 
intoo the Xbal site in intron 1, 90 bps upstream of c-Myc exon 2, and the Kpnl 
sitee downstream of c-Myc. Murine EL-4 cells have been described elsewhere 
(Gorerr 1950). The murine 679 T cell line was derived from an E[iPim1 
CD4+CD8++ T cell lymphoma. Tumor cells were cultured in IMEM (Gibco-BRL) 
supplementedd with 10% fetal calf serum, penicillin (100 U/ml), streptomycin 
(1000 U/ml) and 50 u,M p-mercaptoethanol. Exponentially growing cells were 
electroporatedd in 0.5 ml RT culture medium (1-2x107 cells/ml) using a 
Genepulserr II (BioRad) at 260V and 950 u.F. E2A activity was checked by 
transfectionn of the T cells with (E2+E5)6x-Luc+ (15 ug) (kind gift of C. Murre, 
UCSD),, containing the luciferase gene under control of 6 U.E5+E2 boxes and 

88 8 



E2aE2a contributes to T-lymphomagenesis 

thee LBK-AP minimal promoter, CMV-pGal (15 u;g) and pcDNA3-hE47 (15jig) 
orr pcDNA3 (15 ug). For the Eu,-transgene reporter assay, cells were trans-
fectedd with pA17-Luc+ (15 \ig), CMV-pGal (15 jxg) and either pcDNA3-hE47 
(kindd gift of C. Murre, UCSD) or pcDNA3 (15 |xg). Transfection efficiencies 
weree -30% as determined by FACS analysis of CMV-GFP transfected cells. 
Transfectedd cells were lysed 24 hours after transfection in reporter lysis buffer 
(Promega)) and Luciferase activity was determined using Luciferase Assay 
Reagentt (Promega) according to the manufacturer's directions. Cell extracts 
weree normalized with a standard p-galactosidase assay. 
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PIMPIM kinases and growth factor signaling 

Thee PIM serine/threonin e kinase s are importan t 
transducer ss of growt h facto r signal s 

Summar y y 

Thee Pirn family of proto-oncogenes encodes a very distinct class of serine/threonine 
kinasess consisting of PIM1, PIM2 and PIM3. The contribution of these proteins to 
mammaliann development is relatively unknown. P/mt-deficient mice were previously 
engineered,, but only showed a very mild phenotype. To assess the role of the PIM 
proteinss compound Pirn knockout mice that lack expression of Pim1, Pim2 and Pim3 
weree generated. The phenotype of these mice indicates that the PIM kinases have 
redundantt and obligatory roles for cytokine and growth factor signaling. P/'m-mutant 
micee show a profound reduction in body size and the response of distinct 
hematopoieticc cells to growth factors is severely impaired. In particular, PIM proteins 
appearr to be required for the synergistic action between TCR and IL-2 signaling, 
necessaryy for the efficient proliferation and/or survival of activated T cells. 

Introductio n n 

Thee Pirn family of proto-oncogenes consists of three members Pim1, Pim2 and Pim3. 
Theyy constitute a distinct class of protein kinases with specificity towards 
phosphorylationn of serine/threonine residues (Saris et a/., 1991), albeit one study has 
reportedd on human PIM displaying additional tyrosine kinase activity (Telerman ef a/., 
1988).. Pim1 was originally identified as a target for proviral activation in Moloney 
murinee leukemia virus (M-MuLV) induced T cell lymphomas (Cuypers et al., 1984). In 
thee mouse, Pim1 encodes two proteins, a 33 kD and a 44 kD protein, which is 
initiatedd from an upstream CTG codon (Saris, et a/., 1991). The half-life of Pim1 with 
respectt to both mRNA and protein is very short (Saris, ef a/., 1991). The mRNA is 
labilee due to the presence of five copies of ATTT(A) destabilization motifs in the 
3'UTRR (Saris, et al., 1991). The Pim2 and Pim3 genes are very homologues to Pim1 
(vann der Lugt et al., 1995; Baytel et al., 1998; Feldman et al., 1998; Allen and Berns, 
1996).. At the amino acid level PIM1 is 71% and 61% identical to PIM3 and PIM2, 
respectively.. The properties of PIM2 are comparable to PIM1, that is the mRNA and 
proteinn is labile, Pim2 transcription can be initiated from upstream CTG codons (van 
derr Lugt, et al., 1995), and EnMyc;E[iPim2 double transgenic mice develop B 
lymphoidd tumors comparable to the B cell leukemias arising in EuMyc;E\iPim1 
transgenicc animals (Allen ef a/., 1997; Verbeek ef al., 1991). In addition, Pim2 can 
replacee the Pim1 oncogene in lymphomagenesis, as illustrated by the proviral 
insertionss increasing Pim2 expression in Pirn "/-deficient MuLV-induced tumors. It is 
veryy likely that Pim3 features most of these characteristics as well. The 3'UTR of 
Pim3Pim3 also contains mRNA destabilizing motifs and Pim3 can substitute for Pim1 and 
Pim2Pim2 in MuLV-induced lymphomas (Allen and Berns, 1996; Mikkers ef al., 2002). 

Alll PIM proteins are ubiquitously expressed. The highest Pim1 mRNA levels are 
foundd in thymus and testis (Selten ef al., 1985), whereas Pim2 mRNA expression is 
thee highest in brain and thymus (Allen, et al., 1997), and Pim3 mRNA is the most 
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abundantt in kidney (Feldman, et al., 1998). During mouse development ail Pim 
memberss appear to be co-expressed, although in some tissues a tendency towards 
expressionn of either Pim1 and Pim3 or Pim2 and Pim3 exists (Eichmann et al., 2000), 
Thee expression of Pim1, Pim2, and presumably also of Pim3, is regulated by a whole 
rangee of growth factors and mitogens: IL-2 (Allen, et al., 1997; Dautry et al., 1988), 
IL-33 (Lilly etal., 1992); Domen etal., 1993a; Allen era/., 1997), GM-CSF and G-CSF 
(Lilly,, etal., 1992), IL-4 (Allen, etal., 1997), IL-5 (Temple etal., 2001), IL-6 (Lilly, et 
al.,al., 1992), IL-7 (Allen, etal., 1997; Domen etal., 1993b), IL-9 (Allen, etal., 1997), IL-
12,, IL-15, IFNa (Matikainen etal., 1999), IFNy (Allen, et al., 1997; Yip-Schneider et 
al.,al., 1995) erytropoietin (EPO) (Miura et al., 1994), thrombopoietin (TPO)(Miura, et al., 
1994),, prolactin (Borg er al., 1999), ConA (Allen, et al., 1997), LPS (Allen, et al., 
1997),, and PMA (Wingett et al., 1996). In these experiments, Pim1 displays the 
featuress of an early responsive gene indicating a prominent role for PIM in cytokine 
andd growth factor signaling. The majority of factors that induce Pirn expression 
transducee their primary signal through the JAK/STAT pathway indicating that this 
cascadee might regulate expression of the Pirn genes. This notion is underscored by 
thee presence of STAT-responsive elements in the Pim1 promoter, however, the 
directt STAT-mediated transactivation of Pim1 has only been proved for IL-6 
(Shiroganeefa/.,, 1999). 

Thee generation of Pim1-nu\\ mutant mice indeed illustrated a role for PIM1 in 
growthh factor signaling. Although these mice are normal in vivo (Laird et al., 1993), 
Pim1Pim1 -deficient pre-B cells and bone marrow derived mast cells exhibit an impaired 
proliferationn in response to IL-7 and IL-3, respectively (Domen et al., 1993a; Domen, 
etet al., 1993b). An important role for PIM1 in cytokine signaling was further implied by 
thee PIM-mediated rescue of a thymic cellularity defect in mice that lack the interleukin 
receptorr Cy-chain. This rescue appears to be dependent on a functional CD3 
complex,, since a similar CD3y-knockout phenotype cannot be rescued with the Pim1 
transgenee (Jacobs etal., 1999). 

Sincee the Pim"/-deficient mice do not display gross abnormalities suggesting 
redundancyy of Pim family members, we generated compound Pim1;Pim2;Pim3-
deficientt mice to address the role of the PIM family of kinases in mammalian 
development.. Pirn-mutant mice are viable and fertile, however, their body size is 
reducedd at birth. We show that the proliferation and/or survival response of Pim-
mutantt hematopoietic cells to cytokines is impaired in vitro as well as in vivo. In 
addition,, the PIM proteins appear to be required for the cross-talk between the TCR 
andd IL-2 signaling pathways that together yield a strong synergism. 

Result s s 

Generatio nn and initia l characterizatio n of Pim  mutan t mic e 

Sincee mice that are mutant for Pim1 only show a very subtle phenotype, the 
generationn of mice lacking the remaining Pim family members was considered to be 
instrumentall in determining the role of the PIM proteins. To generate mice that lack 
functionall PIM2 or PIM3, we designed targeting vectors that disrupt the PIM kinase 
domain.. The Pim2 targeting vector contained the hygromycin resistence gene under 
controll of the human PGK promoter. Homologues recombination deletes exons 1, 2 
andd 3 of Pim2 (Figure 1a). Since Pim3 is expressed in embryonic stem cells, the 
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Pim3Pim3 targeting vector was constructed with the promoterless IRES)8Geo cassette 
(Mountfordd et al., 1994). This construct disrupts Pim3 by deleting part of exon 3 and 
exonss 4, 5, and 6 (Figure 1a). Homologously recombined, karyotypically normal ES 
cloness were injected into blastocysts to generate chimeric mice and, subsequently, 
homozygouss mutant Pim2 or Pim3 mice (Figure 1b). Both Pim2 and P/m3-deficient 
micee are viable, healthy and fertile (data not shown). 
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Figuree 1. The generation of compound Pim1;Pim2;Pim3 knockout mice. 
(a)) Targeting constructs for Pim2 and Pim3. PGKPhp was introduced into the BamHI (B) sites of Pim2 
therebyy deleting exon 1, 2 and 3. A part of exon 3 and exons 4, 5 and 6 of Pim3 were deleted through 
introductionn of the promoterless IRES/JGeo cassette into the BstEII (Bs) sites, (b) Genotype analysis 
off Pim2 and Pim3 knockout mice by Southern blotting using full-length Pim2 cDNA or the 3'UTR of 
Pim3Pim3 as a probe, (c) Comparison of the amino acid sequences of PIM1, PIM2 and PIM3. 
Black=identical,, Grey= comparable, (d) Expression of the Pim1, Pim2 and Pim3 mRNA. Bone marrow 
derivedd mast cells grown on IL-3 (BMMC), EL4 (T cell line), J558 (plasmacytoma), (e) RT-PCR 
determiningg the expression of Pim1, Pim2 and Pim3 in wild-type, Pirn heterozygous, and Pirn 
homozygouss mutant splenocytes. 

Thee lack of an obvious phenotype in either of the Pirn mutants could be a 
consequencee of redundancy with the other retained Pirn genes. Possible redundancy 
betweenn the Pirn genes is illustrated by the amino acid homology and overlap in 
expressionn of Pim1, Pim2 and Pim3 (Figure 1c and 1d). To overcome redundancy, 
wee bred the Pim2 and Pim3 knockout mice to the previously published Pirn7-deficient 
micee generating compound Pim1;Pim2;Pim3 mutant animals. Homozygously deleted 
Pim1;Pim2;Pim3Pim1;Pim2;Pim3 mice were observed at a frequency expected for normal Mendelian 
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segregationn (data not shown). To confirm that we indeed generated mice that lack 
PirnPirn expression we analyzed the RNA expression of the three Pirn genes in Pim-
mutantt spleens (Figure 1e). Pim1, Pim2 and Pim3 RNA was detected in wild-type 
andd Pim1*/~;Pim2*/';Pim3+/' splenocytes, whereas P/'m7"/";P;'m2"/";P/m3"/"splenocytes 
doo not express Pim1, Pim2, nor Pim3. 

Mic ee deficien t fo r Pim1,  Pim2  and Pim3  are reduce d in bod y size 

Thee Pirn genes can act as potent oncogenes. As overexpression influences cell 
growth,, one might expect the opposite when these genes are disrupted. Numerous 
oncogenee knockouts such, as Myc and CyclinDI, have underscored this (Trumpp ef 
a/.,, 2001; Sicinski ef a/., 1995). The effects of loss of PIM function were subtler. 
However,, we did observe a reduction in the body size of Pim1;Pim2;Pim3 mutants as 
comparedd to their littermates (Figure 2a, b). In fact, Pim1',~;Pim2'/;Pim3'/' mice are, 

Figur ee 2. Mice deficient 
forr Pirn 1, Pirn2 and 
Pim3Pim3 display a growth 
defect. . 
(a)) Comparison of male 
neonatall and mature 
Pim1~Pim1~//';PimZ;Pim3~';PimZ;Pim3~//~~ and 
Pim1'Pim1'//';Pim2';Pim3'';Pim2';Pim3'A A 

littermates.. (b) Growth 
curvee of male Pim1*'~ 
;Pim2';Pim3;Pim2';Pim3+/+/';'; Pirn V1' 
;Pim2';Pim3;Pim2';Pim3ww';'; Pim1*'~ 
;Pim2;Pim3''';Pim2;Pim3''' and Pim1' 
';Pim2';PimS'' ';Pim2';PimS'' 
littermates.. (c) Cell 
numberr in spleens and 
bonee marrows from 8 
weekk wild-type (n=9) 
andd Pimr'';Pim2'~;Pim3' 
'~'~ (n=9) mice. 

irrespectivee of gender, approximately 30% smaller than either wild-type (data not 
shown),, knockouts for a single Pirn (data not shown) or littermate compound 
knockoutt mice that are heterozygous for Pim1 and/or Pim3 (Figure 2b). These results 
demonstratee redundancy between the three Pirn genes with respect to body size. 
Analysiss of Pim1~/';Pim2~/', Pim2'/~;Pim3'A', and Pim1~/~;Pim3~/~ compound mice 
revealedd that predominantly PIM1 and PIM3 contribute to the reduced size, albeit 
Pim1'Pim1'//';PimZ';PimZ//';Pim3'';Pim3'//'' mice are still smaller indicating an additional PIM2 effect (data 
nott shown). Since wet body weight is dependent on either cell size or the number of 
cells,, we measured the femur size (data not shown) and the number of cells per 
spleenn and bone marrow. The cell number in P/m-deficient bone marrow and spleen 
iss decreased to the same extent as the body size illustrating that the reduction in 
bodyy weight is predominantly caused by a decrease in cellularity (Figure 2c). 

Sincee STAT molecules are thought to regulate PIM expression, the decreased 
growthh of mice deficient for the transcription factors STAT5a and STAT5b could 
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indicatee the importance for STAT-driven transcription of Pirn in regulating body size 
(Teglundd et a/., 1998). However, Stat5a;5b knockout mice display a reduction in 
growthh only from birth onwards as growth hormone (GH) signaling is hampered, 
whereass P/m7;P/m2;P/m3-null mice are already approximately 30% smaller at birth. 
Thiss indicates that regulation of the body size is already impeded during 
embryogenesiss in the P/m-mutant mice. A similar prenatal growth defect is observed 
inn mice carrying mutations in the insulin/insulin-like growth factor (IGF) pathways (for 
revieww see Accili et a/., 1999), suggesting a role for PIM in either or both of these 
growthh factor signaling pathways. 

Disruptio nn of the Pirn  genes slightl y affect s hematopoieti c developmen t 

Thee high expression levels of Pirn in hematopoietic tissues and the oncogenic 
involvementt of Pirn in hematopoietic tumors prompted us to investigate the effect of 
PirnPirn loss on the development of the hematopoietic compartment. Whole blood 
analysiss did not show significant differences in the number of granulocytes, 
monocytess and thrombocytes between P/m-null and wild-type mice (data not shown). 
P/m-mutantt mice displayed a slight increase in the number of red blood cells. 
However,, the hematocrit was not altered, likely, because mutant erythrocytes have a 
decreasedd mean cell volume (MCV). This phenotype is completely reminiscent of the 
erythrocytee phenotype previously described for Pim1 knockout mice (Laird, et at., 
1993)) indicating that additional loss of Pim2 and Pim3 does not yield an additive 
effect. . 

Next,, we examined the hematopoietic development in thymus, spleen and bone 
marrow.. The development of a/p and y/b lymphocytes in the thymus is normal in 
P/m7;P/m2;P/m3-mutantt animals. The number of lymphocytes, during all stages of T 
celll development, is unaltered (Figure 3a). We only detected an increase in the 
expressionn level of the IL-2a receptor (CD25) in lymphocytes at stage DN3 (CD4" 
CD8"CD44"CD25+)) (data not shown). Interestingly, E\iPim1 thymocytes express the 
ll_-2ccc receptors at lower levels (data not shown). Although mice deficient for CD25 do 
nott show a perturbed early T cell development (Willerford et a/., 1995), studies have 
suggestedd a role for the IL-2/IL-2R pathway in thymic selection (Kruisbeek et a/., 
1988;; Bassiri and Carding, 2001). Whether PIM is directly involved in regulating 
CD255 expression or the altered CD25 level is primarily an adaptation effect of P/m-
mutantt thymocytes remains to be addressed. 
Furthermore,, peripheral T cells in the P/m-mutant spleens are unaffected with 
respectt to percentage of T cells, distribution of helper (CD4+) and cytotoxic (CD8+) T 
cells,, and their capacity to become activated as analyzed by CD62L and CD44 
expressionn (data not shown). In contrast, the fraction of splenic B cells (45% of total) 
iss reduced in Pirn t;P/m2;P/m3-mutant mice by approximately one fourth as 
comparedd to age-and sex-matched wild-types or Pirn single mutants (60% of total) 
(Figuree 3b). Since the percentage of monocytes, granulocytes and NK cells is 
comparablee between P/m-mutant and wild-type mice, we analyzed whether the 
percentagee of cells belonging to the erythroid lineage has increased in Pirn knockout 
spleens.. This analysis showed that the erythroid progenitor fraction 
(Ter119+CD7rCD117+)) and, subsequently, the fraction of denucleated erythroid 
cellss (Ter119+CD71") are enhanced approximately two-fold in P/m-mutant spleens 
(dataa not shown). 
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Figur ee 3. B but not T lymphoid development is affected in P/m-mutant mice, a) FACS analysis of wild-
typee and P/m-mutant T cells in the thymus did not show large aberrations in T cell development, b) 
Thee number of mature B cells is reduced, whereas the number of T cells is unaltered in P/m-mutant 
spleenss as demonstrated by CD3 and B220 FACS analysis, c) B cell development in the bone marrow 
cann be analyzed using the markers as described by Hardy (Hardy and Hayakawa, 2001). Large cells 
representt cycling cells, d) FACS analysis of early B cells in the bone marrow showed an increase in 
pro-BB cells belonging to Hardy fraction C/C'. High CD43-positive and B220-positive cells were gated 
andd analyzed using BP1 and HSA markers. A, B and C/C' indicate the Hardy fractions, e) The number 
off cells belonging to distinct Hardy fractions depicted as the percentage of total bone marrow B cells in 
6-88 week old wild-type (n=12) and P/m-mutant (n=12) mice. * P = 0.008 ** P < 0.001. f) P/m-mutant 
bonee marrow cells have a severely impaired proliferating capacity in response to IL-7. Bone marrow 
cellss were cultured for 96 hours in the presence of mlL-7. Proliferation was determined by 3H-
thymidinee incorporation. For the last 16 hrs cells were cultured in the presence of 3H-thymidine. One 
representativee of three independent experiments is shown. 

Too investigate whether the reduction of splenic B cells is a direct consequence 
off a partial defect in early B cell development we analyzed P/m-mutant bone marrow. 
BB lymphocyte development can be followed by marker profiles of B lymphoid cells at 
specificc stages of their development (for review see Hardy and Hayakawa, 2001) 
(Figuree 3c). The fraction of early B lymphoid cells as determined by pre/pro-B cells 
(Hardyy fraction A) and pro-B cells (fraction B) is unaltered in P/m-mutant bone 
marroww (Figure 3d). Pro-B cells belonging to fraction C rearrange their heavy chain 
and,, consequently, after successful heavy-chain rearrangement and expression of 
thee pre-BCR these cells start proliferating (fraction C') to become pre-B cells (fraction 
D).. Although this proliferation is pre-BCR initiated, it is propagated by IL-7 (Hess et 
a/.,, 2001). In P/m-mutant mice, the fraction C/C' has increased about 1.5-fold as 
comparedd to wild-type mice (P = 0.008) and fraction D is 1.5-fold decreased (P < 
0.001).. These results indicate that P/m-mutant pro-B cells progress less efficiently 
fromm fraction C' toward fraction D. This partial block could be caused either by 
impairedd pre-BCR or IL-7 signaling, or both. Proliferation assays of B cell progenitors 
demonstratedd that the in vitro proliferation response to IL-7 is severely impaired in 
P/m-mutantt bone marrow cells (Figure 3e). Pim1- and P/m3-mutant B cell 
progenitors,, but not P/m2-mutants, display a similar defect in vivo, although the effect 
off loss of PIM3 is more modest (data not shown). The extent of the observed in vivo 
defectt correlated with the ability to proliferate in response to IL-7 in vitro (data not 
shown).. This indicates that Pim1 and Pim3 are redundant to some extent and that 
Pim1Pim1 is the most important Pirn member in modulating IL-7-driven proliferation of pro-
BB cells. As a consequence of this partial block, P/m-mutant bone marrow contains a 
reductionn in the number of immature B cells (fraction D/E)(Figure 3d) (P < 0.001). In 
contrast,, the number of recirculating mature B cells is increased in P/m-mutant bone 
marroww (P< 0.001). Since the number of B cells is strongly reduced in the spleen, 
thesee data imply that the export of immature B cells from the bone marrow to the 
spleen,, rather than the maturation in the spleen or survival in the periphery, is 
impairedd in P/m-mutant mice. 

PIMM affect s cytokine-mediate d cel l growt h and differentiatio n of bon e marro w 
cell s s 

Thee induction of Pirn expression is an early response to a variety of growth factor 
involvedd in hematopoiesis and is likely mediated by JAK/STAT signaling as has been 
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shownn for IL-6-induced Pim1 expression (Shirogane, ef a/., 1999). JAK mutants as 
welll as STAT mutant hematopoietic progenitors show a reduction in their capacity to 
formm colonies in response to distinctive growth factors (for review see Ihle et a/., 
1998).. To investigate whether P/m-mutant bone marrow progenitors are affected in 
theirr differentiating, proliferating, and/or surviving capacity in response to growth 
factorss essential for myeloid and erythroid development, we performed colony 
formationn assays with distinctive P/m-mutant hematopoietic progenitors (Table 1). IL-
33 signaling induces Pim1 and Pim2 very efficiently and Pim3 to a lesser extent 
(Figuree 1d). The response of P/m-mutant bone marrow cells in response to IL-3 was 
illustratedd by a reduction in the number (approximately three-fold) and size of 
colonies.. Giemsa staining revealed that Pirn 1 ;Pim2;Pim3-mutant bone marrow cells 
aree partially blocked to become cells of myeloid origin, since the observed 'mix-type' 
coloniess predominantly contained cells belonging to the erythroid lineage (data not 
shown).. Although PIM1 is the most crucial factor for this response, the additional loss 
off PIM3, and potentially PIM2, further enhances the defect (P =0.026). The disruption 

Tablee I. In vitro colony formation capacity of mutant Pirn and wildtype bone 
marroww cells in response to distinct growth factors. 

Genotype e 

Growth h 
Factor r 

IL-3 3 

SCF F 

GM-CSF F 

TPO O 

IL-5 5 

Colony y 
Type e 

CFU-mix x 

CFU-mix x 

CFU-GM M 

CFU-Meg g 

CFU-Eos s 

Pim1Pim1+/++/+22+/++/+33+/+ +/+ 

3822  43 
(n=16) ) 

1199 * 
(n=16) ) 

3588  32 
(n=18) ) 

17.99 5 
(n=9) ) 

1 1 
(n=10) ) 

Pim1-'-2Pim1-'-2+/++/+3^ 3^ 

1944 + 53* 
(n=3) ) 

822 + 20 
(n=3) ) 

4022  62 
(n=2) ) 

0.266 * 
(n=3) ) 

88 * 
(n=2) ) 

P/mï+/+2"/"3+/+ + 

3811 4 
(n=2) ) 

1266 + 5 
(n=2) ) 

3655 + 30 
(n=2) ) 

19.66 8 
(n=2) ) 

20.44  0.4 
(n=2) ) 

P/mï+/+2+/+3"A A 

3366  55 
(n=6) ) 

955 * 
(n=5) ) 

3855  43 
(n=3) ) 

3 3 
(n=6) ) 

18.66 + 6.3 
(n=3) ) 

PimT'z'-j' PimT'z'-j' 

1200 * 
{n=12) ) 
644 + 12 
(n=12) ) 

3577 + 42 
<n=12) ) 

* * 
(n=9) ) 

* * 
(n=9) ) 

Meann  standard deviation of colonies/ 10s nucleated bone marrow cells. 
** t test analysis of these genotypes yielded P < 0.05 

off all Pirn genes not only decreases the number of colonies, but also the 
granulocyte/macrophagee content. Remarkably, the ability of P/m-mutant bone 
marroww progenitors to form colonies in response to granulocyte/macrophage colony 
stimulatingg factor (GM-CSF) was not altered, in spite of the fact that the GM-CSF 
receptorr is a close family member of the IL-3 receptor and is a potent inducer of Pirn 
expressionn (Lilly, ef a/., 1992). Thrombopoietin (TPO) stimulates the development of 
megakaryocytes.. P/m-mutant bone marrow cells, and here the loss of Pim1 again 
displayedd the largest effect, were unable to differentiate into megakaryocytes in vitro. 
InIn vivo, we observed fewer and hypo-proliferative megakaryocytes in the spleen 
(dataa not shown). Moreover, there was a strong predominantly PIM1-mediated 
impairedd IL-5 response to form eosinophilic granulocytes, although the additional loss 
off PIM2 and PIM3 contributed as well (P =0.039). Lastly, a reduction in the number 
(50%% of wild-type) and size of colonies was also seen in response to stem cell factor 
(SCF),, a factor that signals via the Kit tyrosine kinase receptor and poorly induces 
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PirnPirn expression (Laird et al., 1993; Allen ef al., 1997). In contrast to IL-3-mediated 
formationn of colonies, the SCF-induced colonies did not display differences in the 
originn of cells between colonies derived from P/m-mutant and wild-type bone marrow. 

PIMM is involve d in cross-tal k betwee n TCR and IL-2 signalin g 

Ass described above, P/m-mutant bone marrow cells display a defective response to 
distinctivee growth factors of which IL-7 signals via the Cy-chain. IL-2 is a strong 
inducerr of Pirn transcription (Allen, ef al., 1997; Dautry, ef al., 1988) and its signal 
transductionn also depends on the Cy-receptor. Cy-mutant mice display a severe 
reductionn in the number of thymocytes likely caused by a lack of defective IL-7-driven 
proliferation.. Interestingly, this phenotype is greatly rescued by the introduction of a 
Pim1Pim1 transgene, suggesting that PIM is a prominent component of Cy-signaling 
(Jacobs,, ef al., 1999). The rescue might require a functional CD3 complex because a 
similarr phenotype observed in CD3y-mutant mice is not alleviated by introduction of 
thee Pim1 transgene. The observations that the PIM proteins seem to be involved in 
Cy-dependentt signaling urged us to examine the Cy-mediated proliferation in Pim-
deficientt peripheral T cells, of which the percentage was unaltered in the spleen. 
First,, we analyzed the ability of P/m-mutant peripheral T cells to proliferate in 

Pim1'";Pim2'";Pim3" Pim1'";Pim2'";Pim3" 

Pim1-'-,PimT'-,Pim3-'-Pim1-'-,PimT'-,Pim3-'-

0.55 1 1.5 
aCD33 (ug/ml) 

1000 150 200 
hlL-22 (U/ml) 

Figur ee 4. PIM proteins are essential fo r 
synergisticc proliferative effect of TCR and IL-2 
signaling. . 
Splenicc T lymphocytes derived from wild-type 
(openn squares) or P/m-deficient (open triangles) 
micee were cultured for 64 hours in the presence 
off different concentrations coated aCD3 (a), sub-
optimall concentration of coated aCD3 (0.3 ug/ml) 
andd increasing concentrations of hlL-2 (b), or 
constantt hlL-2 (200 U/ml) and increasing 
amountss of coated aCD3 (c). The proliferation of 
TT lymphocytes was assayed by 3H-thymidine 
incorporationn for the last 16 hours of culture. 
Eachh figure represents one of three independent 
experimentss with similar results (n=3 for each 
genotype). . 
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responsee to CD3 cross-linking, which mimics TCR activation. Although it was 
previouslyy published that anti-CD3 signaling induces Pim1 expression (Wingett etal., 
1996),, P/m-mutant T cells responded similarly as wild-type cells to cross-linking of 
thee CD3 complex (Figure 4a). The proliferation of activated T cells requires the 
presencee of IL-2 indicating a strong synergism between TCR and IL-2 signaling. It, 
therefore,, might be that PIM is involved in the IL-2-induced mode of proliferation. 
P/m7;2;3-mutantt T cells showed a strong reduced capacity to incorporate 3H-
thymidinee at sub-optimal aCD3 and different IL-2 levels as compared to wild-type T 
cellss (Figure 4b). A similar, however, more modest defect was observed in Pim1- or 
Pim2-,Pim2-, but not P/m3-mutant T cells (data not shown). The maximum incorporation of 
3H-thymidinee of T lymphocytes lacking PIM is reduced 2-4 fold depending on the 
aCD33 levels. To determine whether the difference in 3H-thymidine incorporation is 
intrinsicc to IL-2 signaling of P/m-mutant T cells and independent of TCR activation, T 
cellss were activated by different doses aCD3 in the presence of optimal IL-2 levels. 
Underr these conditions, the mutant T cells still display a reduction in the 3H-thymidine 
incorporationn rate at sub-optimal levels of TCR cross-linking, but at super-
physiologicall stimulation (high a CD3 (2 |ig/ml) and high IL-2 (200 U/ml)) Pim-
deficientt cells incorporate 3H-thymidine as efficiently as wild-type T lymphocytes. 
Thesee results indicate that P/m-deficient T cells are able to incorporate H-thymidine 
inn response to IL-2 at the same rate as wild-type T cells, but that PIM is obligatory for 
thee synergistic action of TCR and IL-2 under physiological relevant conditions of TCR 
activation.. However, whether the observed defect is caused by a decreased 
proliferationn and/or survival of the peripheral T cells remains to be addressed. 

Discussio n n 

Thee results described here demonstrate that PIM1, PIM2 and PIM3 are required and 
cann act redundantly in a number of, predominantly proliferative and/or survival, 
responsess to a range of growth factors. These results also imply that the Pirn genes 
aree obligatory targets of the JAK/STAT pathway for some of these responses. In 
addition,, it appears that the PIM proteins are important modulators of cross-talk 
betweenn distinctive signaling pathways as was suggested previously (Mikkers, et al., 
2002). . 
Thee PIM proteins were originally identified as oncogenes in a variety of mouse 
hematopoieticc tumors, indicating a role in the hematopoietic compartment. We 
demonstratedd that the PIM proteins are also involved in the development of other 
tissuess since compound Pim1;Pim2;Pim3 knockout mice display a profound 
reductionn in body size at birth. The decrease in body size was predominantly caused 
byy a reduction in the number of cells rather than cell size. In addition, the decrease in 
sizee was mainly a result of inactivation of both Pim1 and Pim3 illustrating redundancy 
betweenn the most homologous PIM members. This reduction in body size 
(approximatelyy 30%) is already apparent at birth and is, therefore, reminiscent of a 
defectt in IGF/insulin signaling. Mice carrying defects in either of these pathways 
displayy a reduction in body size ranging, dependent on the pathway and affected 
protein,, from 20-60% (for review see Accili, et at., 1999). However, whether 
IGF/insulinn signaling is indeed affected in P/m-mutant mice remains to be 
investigated. . 
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Thee majority of hematopoietic growth factors are efficient inducers of Pim1, 
Pim2Pim2 and Pim3. In addition, an important role for PIM in the proliferative and/or 
survivall response of hematopoietic cells to IL-3 and IL-7 was already illustrated for 
Pim1Pim1 knockout bone marrow cells. The generation of PimT/';Pim2'/';Pim3'/' mice 
demonstratedd that there is redundancy in the ability of bone marrow cells to form 
coloniess on IL-3, IL-5, SCF, and TPO, and to proliferate in response to IL-7 between 
PIM1,, PIM2 and PIM3. It should however be noted that Pim1 is the most, and Pim2 
thee least, crucial Pirn gene for these responses. Since Pim2 is more efficiently 
inducedd than Pim3 by a number of these growth factors, one could speculate that 
Pim2Pim2 has a role distinctive from the functions of Pim1 and Pim3 in these settings. 
Thee IL-7-mediated defect was also apparent in vivo as illustrated by a reduction in 
thee number of splenic B cells in P/m-mutant mice. This reduction correlates with an 
impairedd ability of P/m-mutant pro-B cells to become pre-B cells. The observation 
thatt the number of B cells is unaltered in older animals is likely explained by, first, the 
continuouss supply of immature B cells to the peripheral B cell compartment and, 
second,, the homeostatic proliferation of peripheral B cells (for review see Tough and 
Sprent,, 1995). Therefore, only a complete or very strong defect in B cell development 
willl be evident in the periphery of older mice. Remarkably, we did not observe a 
defectt in the GM-CSF response. This in spite of that GM-CSF signaling is a strong 
transcriptionall activator of Pim (Lilly, et a/., 1992). 

Althoughh P/m-mutant mice do not display an abnormal T cell development, the 
abilityy of peripheral T cell to incorporate H-thymidine in response to IL-2 at sub-
optimall levels of TCR activation was severely impaired. This either proliferative 
and/orr survival defect was only apparent at sub-optimal concentration of aCD3, and 
onlyy in the presence of IL-2, indicating that it is likely caused by an impaired synergy 
betweenn the TCR and IL-2 signaling pathways, rather than a defect in TCR or IL-2 
signaling.. These results are in line with previous experiment in which overexpression 
off PIM can rescue a Cy-defect that is dependent on a functional CD3-complex 
(Jacobss et al., 1999). How would Pim influence TCR/IL-2 signaling? Potentially, the 
suppressorss of cytokine signaling (SOCS) molecules, which are phosphorylated by 
PIMM could be involved (Chen et al., 2002). PIM-mediated phosphorylation of SOCS 
appearss to enhance the stability of this protein, since SOCS levels were reported to 
bee lower in P/m7;P/m2-mutant cells. However, this would negatively regulate cytokine 
signalingg and, therefore, would be hard to reconcile with our results. Consistent with 
thiss view, SOCS1 levels were unaltered in the P/m-mutant T cells (data not shown). A 
proteinn that might act downstream of PIM and be responsible for the defect in P/m-
mutantt T cells is p27KIP as p27KIP-deficient T cells are hyper-proliferative in response 
too aCD3 and IL-2 signaling (Zhang et al., 2000). This would fit with a study on 
retrovirus-inducedd T cell lymphomas in p27KIP-deficient mice that suggested a partial 
overlapp between tumorigenic PIM and p27KIP signaling (Hwang et al., 2002). 

Sincee Pim expression is directly regulated by the JAK/STAT pathway 
(Shirogane,, et al., 1999), the P/m-mutant phenotypes described here might provide 
cluess about the biological significance for the STAT proteins to transactivate the Pim 
genes.. In fact, STAT5a;5b knockout bone marrow cells display a reduction in the 
abilityy to form colonies in response to IL-3, IL-5, IL-7, SCF, GM-CSF and TPO 
(Teglund,, et al., 1998). These results indicate that the inability of Sfaf-mutant cells to 
inducee Pim expression might be responsible for the observed IL-3, IL-5, IL-7, SCF 
andd TPO signaling defects, whereas the GM-CSF defect appears to be totally PIM-
independent.. In addition, Stef5a;5b-mutant T cells cannot proliferate in response to 
TCR/IL-22 (Moriggl et al., 1999). Although this phenotype is stronger than the defect 
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observedd in P/'m-mutant T cells, the partial overlap still suggests that loss of Pirn 
expressionn can contribute to this phenotype. In contrast, PIM appears not to play a 
majorr role in mammary ductal tree formation as the mammary glands in P/'m-mutant 
micee develop normally (data not shown). 

Inn summary, the phenotypes of the Pim1 ;Pim2;Pim3 knockout mice illustrate 
redundantt and non-redundant, but obligatory, rotes for the PIM proteins in growth 
factorr signaling and in the synergism between different signaling pathways. Such a 
gain-setterr role for PIM with respect to synergistic growth factor signaling would be in 
linee with the growth factor-induced early transcription of Pirn and the labile features of 
PIMM RNA and protein, as one can imagine that sensitizing growth factor signaling 
requiress a well-controlled and fine-tuned mechanism. 

Experimenta ll  Procedure s 

Generatio nn of compoun d Pim1,  P\m2 and Pim3  knockou t mic e 
Thee construction of the Pim1neo59 knockout line has been previously described 
(Domen,, et al., 1993a; te Riele et al., 1990). We generated Pim2 and Pim3 deficient 
animalss as follows: mouse genomic DNA fragments containing the complete Pim2 or 
Pim3Pim3 gene were isolated from a genomic X-phage (XF\X) library derived from 
1290LAA inbred mice. For the Pim2 targeting construct exons 1, 2 and 3 of Pim2 were 
removedd by inserting the hygromycin resistance gene (Pgp) controlled by the human 
PGKPGK promoter into the BamHI sites surrounding exon1-3. The Pim3 KO construct 
wass generated by inserting an \res-pGeo cassette into the BstEII sites in exon 3 and 
thee 3'UTR of Pim3. Both KO constructs were electroporated into 1290LA derived ES 
cellss and selected for hygromycin or G418 resistance, respectively. Homologous 
recombinationn was determined by Southern blot analysis using DNA fragments 
locatedd internally or externally to the deleted region as probes. Selected clones were 
injectedd into C57BL/6 blastocyst stage embryos generating chimeric mice that were 
crossedd to FVB/N females. Pim2+'~ mice were back-crossed to inbred Pim1neo59 
FVB/NN for ten generations and F11s were intercrossed yielding compound Pim1~/~ 
;Pim2';Pim2'//'' mice. Pim3+I' mice were bred to FVB/N for two generations and subsequently 
too 11 t h FVB/N generation Pirn f A;PimZ/' mice. Progeny intercrosses yielded wild-type 
andd all single KO and compound triple KO genotypes. All mice were maintained 
underr SPF conditions. 

DNAA and RNA analysi s 
Pim2Pim2 and Pim3 KO alleles were initially detected by Southern analysis of tail DNA 
restrictedd with EcoRI (Pim2) or Sspl (Pim3) using full-length mouse Pim2 cDNA or a 
genomicc DNA fragment 3' to Pim3 as a probe. Thereafter by PCR: the Pim1 alleles 
weree detected using Pim1 (Pirn 1 for: 5'-AAGCACGTGGAGAAGGACCG-3' Pirn 1 rev: 
5'-GACTGTGTCCTTGAGCAGCG-3')) and Neo (NeoA: 5'-CGTCCTGCAGTTCATTC-
AGG-3')) primers, the Pim2 alleles with Pim2 (Pim2for: 5'-CACCGCGTCACGGA-
TAGACG-3'' Pim2rev: 5'-CCCACCTTCCACAGCAGCG 3') and Pgp (HygroFor: 5'-
AGCACTCGTCCGAGGGCAAAGG-3'' Pim2Rev2: 5'-CACGGTGGACCAGCCTAGC-
3')) primers, and the Pim3 alleles with Pim3 (Pim3sp1: 5'-CTGGACCAAATTGCTG-
CCCAC-3'' and Pim3Sp4: 5'-GGATCTCTGGTTCAAGTATCC-3') and LacZ (LacZ1: 
5'-CGTCACACTACGTCTGAACG-3'' and LacZ2: 5'-CGACCAGATGATCACACTCG-
3')) primers. 

106 6 

file:///res-pGeo


PIMPIM kinases and growth factor signaling 

Forr the tissue specific expression of the different Pirn members, total RNA was 
isolatedd using RNA-TriZol (Gibco BRL). Poly-A+ RNA was extracted from total RNA 
usingg PolyATract® (Promega), separated and blotted. The Northern blot was 
hybridizedd sequentially to full-length mouse Pim1, Pim2, Pim3 and human GAPDH 
cDNAA probes. The full-length Pim2 and Pim3 cDNAs were cloned from a size-
fractionatedd ConA blast derived cDNA ^.-phage library. 
Wee analyzed the expression of the Pim1, Pim2 and Pim3 transcripts in splenocytes 
byy RT-PCR. For this: total spleen RNA was isolated using RNA-TriZol (Gibco BRL), 
DNasee treated and reverse transcribed with random hexamers and ALV-reverse 
transcriptasee (Roche). The cDNA was amplified in a single PCR reaction using either 
Pirnn 1for/Pim1 rev, Pim2for/Pim2rev or Pim3sp1/Pim3sp4 primer combinations. As a 
control,, Gapdh was amplified in the same PCR reaction using Gapdhl (5'-
ACCGGATTTGGCCGTATT-3')) and Gapdh2 (5'-TCTGGGATGGAAATTGTGAG-3'). 

Bonee marro w colon y assay s 
Micee (8 to 12 weeks of age) were sacrificed and both femurs were flushed with 
Hank'ss balanced medium containing 50mM Hepes pH 7.4, 50 jxM fJ-mercapto ethanol 
andd 20% fetal calf serum (FCS) (BioWhittaker). Nucleated bone marrow cells were 
countedd in cell lysis buffer (StemCell Technologies). Cells were first diluted to the 
rightt concentration in Iscove's modified eagle medium (IMEM) containing 50 |iM J3-
mercaptoo ethanol and 2% FCS, and, thereafter, plated in duplo in methylcellulose 
(M3234)) (StemCell Technologies) with added cytokines/growth factors. The culture 
conditionss at C and 5% C02 were dependent of the assay: 1.5.104 cells/ml, 
mrGM-CSFF (Peprotech) 10 ng/ml, 12 days (CFU-GM); 4.105 cells/ml, rhTPO (RandD 
Systems)) 40 ng/ml, 8 days (CFU-Meg); 1.5.104 cells/ml, rmll_-3 (Peprotech) 10 ng/ml, 
122 days (CFU-mix); 2.105cells/ml, rmlL-5 (RandD Systems) 20 ng/ml, 15 days (CFU-
Eos);; 2.105 cells/ml, rmSCF (Peprotech) 50 ng/ml, 12 days (CFU-mix). After culturing, 
cellss were fixed in 4% formaldehyde and stained with a 2% Giemsa solution to 
determinee cell type. 

TT and B cel l proliferatio n assay s 
Splenocytess and bone marrow cells were isolated from 8-12 weeks old mice and 
countedd in a Casy 1® counter (Scharfe Systems). Splenocytes were cultured at 1.106 

cellscells per ml in RPMI-1640 containing PenStrep, glutamine, 50 (iM p-mercapto 
ethanoll and FCS (10%) in the presence of rhlL2 (RandD Systems) (concentrations 
ass indicated in figures), coated aCD3 (2C11) (Pharmingen) (concentrations as 
indicatedd in figures) for 48 hours followed by 16 hrs with 0.5 juCi of 3H-thymidine. 
10.1066 cells/ml bone marrow cells were cultured in RPMI-1640 (PenStrep, glutamine, 
500 (xM p-mercapto ethanol and 10% FCS) with 50 U/ml or 250 U/ml rmll_-7 
(Peprotech)) for 3 days and, additionally, 18 hrs in the presence of 0.5 (iCi of 3H-
thymidine. . 

FACSS analysi s 
Thymocytess (mice: 4-6 weeks of age), splenocytes and bone marrow cells (mice: 6-8 
weekss of age) were isolated and analyzed by FACS using a variety of FiTC, PE, 
APC,, or CyCnrome-conjugated or biotinylated antibodies (all Pharmingen): <xCD3, 
aMad,, «CD69, aB220, aBP41, ocCD62l, aTCRp, «CD4, ocCD8, <xCD25, «CD117, 
aScal,, aHsa, ocGM, algM, algD and aNK1.1. Bound biotinylated antibodies were 
detectedd with Streptavidin-APC (Molecular Probes). Cells were stained in PBS with 
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2%% BSA and 10% normal mouse serum (NMS). Stainings were analyzed on a 
FACScaliber®® flow cytometer (Becton Dickinson). 
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Summarizin gg discussio n 

Thee origin of cancer can be brought back to the sequential alteration of genes, 
eitherr oncogenes or tumor suppressor genes. This means that tumorigenesis 
iss a complex process of accumulating genomic mutations and each alteration 
yieldss a selective advantage that is additive to the already existing mutations. 
Inn mice, tumorigenesis can be induced by infection with slow transforming 
retroviruses,, such as the Molony Murine Leukemia Virus (M-MuLV) (reviewed 
inn Chapter I). These types of RNA viruses give rise to tumors by insertion of a 
DNAA copy of their RNA genome into the host genome (here: mouse). This is 
ann obligatory step in the life cycle of retroviruses. Insertion of the viral genome 
iss relatively random and, therefore, viruses can insert in the proximity of proto-
oncogeness and/or tumor suppressor genes. If viruses insert adjacent to proto-
oncogenes,, the upregulation of these genes via either the enhancer and/or 
promoterr sequences of the virus or stabilization using a poly-adenylation 
signall of the virus provides a selective advantage to the cell carrying this 
insertion.. A selective growth advantage might also be conferred by virus 
insertionn within a tumor suppressor gene generating an inactivated tumor 
suppressorr allele via disruption of the gene. Since the viruses can repeatedly 
insertt their DNA into the genome of a single cell and its descendants, multiple 
distinctt virus-mediated alterations will be found in the resulting clonal tumor. 
Thee insertions likely will mark multiple genes that collaborate in the 
tumorigenicc process. In view of the requirement to select for collaborating 
mutations,, the initiating mutation will have a determining role in the mutations 
thatt are subsequently selected in the process. 

Thiss is illustrated by the identification of E2a as a provirus target in T cell 
lymphomass derived from mice that express a c-Myc transgene (Chapter IV). 
Thee provirus insertions in the E2a promoter yield enhanced E2A protein levels 
Priorr to this finding, it was generally accepted that E2a acts as a tumor 
suppressorr in T cells. Mice deficient for E2A develop T cell lymphomas (Bain 
etet al., 1997), and upon re-introduction of E2A in the E2a-deficient T cell lines 
thesee tumor cells undergo apoptosis (Engel and Murre, 1999; Yan et al., 
1997).. High MYC levels seem to be a prerequisite in lymphomagenesis. The 
levelss of c-Myc expressed from the EpJWyc transgene in the T cell 
compartmentt are too low for tumor development. In order to overcome this, 
MYCC expression has to be increased. One of the ways to boost expression of 
thee Myc transgene is E2A overexpression. E2A is known to bind to the 
transgene'ss immunoglobulin enhancers and transactivates expression of the 
downstreamm gene. Since overexpression of MYC but also E2A induces 
apoptosis,, these MYC and E2A overexpressing tumors should have acquired 
ann anti-apoptotic alteration. The identification of the gene(s) that can inhibit 
MYCC as well as E2A-induced apoptosis would be highly relevant. 
Unfortunately,, the nature of these genes has remained elusive despite 
extensivee analysis of the tumors carrying E2a insertions. 

Onee of the first proto-oncogenes identified as a retroviral target in 
retrovirus-inducedd hematopoietic tumors was the provirus insertion site of M-
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MuLVV {Pirn) (Cuypers et a/., 1984). The PIM proteins belong to a distinct 
familyy of serine/threonine kinases, consisting of the members PIM1, PIM2 and 
PIM33 (reviewed in Chapter II). At the start of this thesis-research, downstream 
targetss for PIM were not known, but during this thesis-work a number of in 
vitrovitro substrates have been published. However, the relevance for these 
proteinss in the context of lymphomagenesis is still unknown. To identify 
componentss downstream of PIM signaling that are relevant to the oncogenic 
functionn of PIM, we set up a genetic screen that is analogous to the enhancer 
screenss utilized in the fruit fly to dissect the RAS pathway (Chapter III). This 
screenn takes advantage of two features of the Pirn proto-oncogenes: 1) The 
PirnPirn genes are a frequent provirus target in M-MuLV-induced lymphomas. 2) 
Thee Pirn genes collaborate very efficiently with the Myc genes in 
lymphomagenesiss as indicated by the observation that tumors carrying an 
activationn of a Myc gene, either c-Myc or H-Myc, frequently contain Pirn 
activationss (Selten et a/., 1984), and as shown by the observation that 
Myc;Pim1Myc;Pim1 or Pim2 double transgenic mice succumb to pre-B cell leukemias 
veryy early in life (Allen et a/., 1997; Verbeek et a/., 1991). Since MYC 
synergizess efficiently with PIM, the introduction of a lymphoid-specific c-Myc 
transgenee should select for co-operating oncogenic events, such as activation 
off Pirn, in M-MuLV-induced lymphomas. Indeed, the tumors induced in an 
E\iMycE\iMyc background carry very frequently insertions near either Pim1 (-40%) 
orr Pim2 (-10%) (van der Lugt et a/., 1995, Chapter III). Previously, it was also 
shownn that the frequency of Pim2 activations increased up to 90% of the 
tumorss if Pim1 was knocked out and c-MYC overexpressed through the c-Myc 
transgenee (van der Lugt, et al., 1995). This study underscored the 
requirementt for activation of the PIM pathway in the presence of high c-MYC 
levelss for lymphomagenesis. Therefore, M-MuLV-induced lymphomagenesis 
inn E\yMyc;Pim1'/';Pim2'/' mice was expected to still require activation of 
anotherr Pirn gene, a downstream effector of PIM or a PIM-like pathway. 

Too isolate large numbers of provirus insertion sites in a high throughput 
fashion,, we first adapted a splinkerette-based PCR strategy to amplify virus 
flankingg host genomic sequences followed by comparing these sequences 
withh the annotated mouse genome sequences at Celera and Ensembl 
(Chapterr III). This approach yielded 477 informative flanks derived from 27 
E\iMycE\iMyc and 38 Eu.Myc;Pim1'/';Pim2'/' tumors. In order the estimate the 
probabilityy that loci that were occupied more than once in independent tumors 
markedd genes involved in the tumorigenic process we performed a statistical 
analysiss assuming random insertions of retroviruses. Previously, a tumor 
locuss (common insertion site (CIS)) was defined by two or more independent 
proviruss insertions within a genomic region that can be analyzed by Southern 
blotting.. Since the number of insertions screened was relatively small, finding 
twoo or more insertions in a relatively small DNA fragment was highly unlikely 
unlesss a selective advantage (tumor growth) was associated with this 
insertion.. However, with the current approach, the chance that two viruses 
landd into the same genomic region will increase with the number of retrovirus 
insertionn sites. For our panel of -500 insertion, a CIS was defined by the 
occurrencee of two provirus insertions within 26 Kb or 3 or more within 250 Kb. 
Iff retroviruses insert the genome randomly, which is very unlikely as has been 
demonstratedd for transposons (for review see Craig, 1997), these criteria 
wouldd yield 0.5% and 0.1% falsely labeled CISs carrying 2 or 3 independent 
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insertions,insertions, respectively. The total number of CISs as identified by the 477 
insertionss was 52. Out of these 52 tumor loci, 39 had never been identified. 
Comparisonn of the RISs isolated from this tumor panel with the RISs isolated 
fromm two different tumor panels (total number of RISs - 2000) revealed 
anotherr 49 CISs (Lund et a/., 2002; Suzuki et a/., 2002). Thus, 230 RISs 
representedd 92 CISs, indicating that approximately half of the insertion sites 
isolatedd from the tumors have contributed to the oncogenic process. These 
resultss demonstrate the accumulative power of retroviral insertional 
mutagenesiss now the mouse genome has been fully sequenced and 
annotated.. But how long will it take before such a RIS database becomes 
saturated?? The distinct retroviral insertional mutagenesis strategies applied so 
farr have shown that there is only a partial overlap of RISs between different 
tumorr panels. The overlap seems therefore to be influenced by tumor type 
andd the predisposing oncogenic mutation in the germline of the host. Since 
insertionall mutagenesis is not only limited to hematopoietic tumors (Chapter I) 
andd only a very few predisposed oncogenic settings have been subjected to 
retrovirall insertional mutagenesis, saturation is not expected shortly. 

Althoughh 477 RISs were identified and the identification of 92 tumor loci 
wass quite appealing, the screen was set up to identify genes that can 
substitutee for Pirn in lymphomagenesis. To qualify for the Pim-
complementationn group, the P/'m-substituting genes should not be found in 
PIM-proficientt tumors. This means that the activation of these genes should 
bee absent in a total of 89 EjxMyc, B[iMyc;Pim1'/' and E\iMyc;Pim2~/~ tumors. 
Thesee criteria were met by 10 of the 52 CISs (0.0001 < P< 0.088). The most 
frequentlyy found CIS, activated Pim3. The identification of Pim3 as a gene 
thatt is preferentially activated in tumors deficient for its family members Pim1 
andd Pim2 provided evidence for the pathway-specificity of this screen. Three 
otherr genes corresponding to the loci replacing Pirn in lymphomagenesis 
weree the serine/threonine kinase 7p/2 (-18%), the tyrosine kinase receptor Kit 
(-8%)) and the cell-cycle regulator Ccnd2 (-13%). Although the other genes 
substitutingg for Pirn have not been identified, the diversity of the genes 
identifiedd in this screen points towards a central role for PIM in a complex 
networkk of oncogenic signals. Since the identified targets act either 
downstreamm of PIM or in a parallel pathway, it seems that PIM is required for 
growthh factor signaling. KIT signaling can activate TPL2 and induce 
CYCLIND22 expression. Furthermore, Pirn expression is induced by a number 
cytokiness that synergize with KIT signaling. A model fitting this would be that 
PIMM acts as a modulator for the cross-talk between synergizing growth factor 
pathways.. Experiments in which a KIT-mutant mast cell proliferation defect 
cann be rescued by the introduction of a Pirn transgene have indeed suggested 
aa role for PIM either by acting upstream or downstream of KIT signaling (H.M. 
unpublishedd results). However, PIM might be involved in other signaling 
pathwayss as well. In order to show that the genes near the P/m-specific 
insertionss indeed can substitute for PIM deficiency, overexpression of these 
geness should be able to substitute for Pirn in lymphomagenesis. 

PIMM is likely involved in the cross-talk between different growth factor 
signalingg pathways. Since growth factor signals are crucial for the 
developmentt of any organism, this would suggest that animals that lack all 
PIMM family members should exhibit a defect in development. The generation 
off a mouse that is deficient for Pim1, Pim2 and Pim3 is described in Chapter 
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VV of this thesis. Although the P/m-mutant mice are viable and fertile, they 
displayy a reduced body size, which is primarily a result of Pim1 and Pim3 loss 
illustratingg the redundancy in function of these two Pirn members, at least for 
thiss specific feature. Further analysis showed that the reduction in body mass 
wass caused by a reduction in the number of cells indicating a deficiency in 
eitherr proliferation or anti-apoptosis. A decrease in size from birth on normally 
representss a defect in growth hormone (GH) signaling. P/m-mutant mice are 
alreadyy smaller at birth, however, indicating rather a defect in IGF/insulin 
signall transduction pathways (for review see Accili era/., 1999). Since the Pirn 
geness are regulated by a range of distinct hematopoietic growth factors, we 
alsoo studied the response of PIM-mutant cells to these growth factors. Bone 
marroww colony assays demonstrated an impaired ability of Pirn -mutant cells 
too form colonies in response to IL-3, IL-5, SCF and TPO as the number as 
welll as size of the cells was reduced. Remarkably, the response to GM-CSF 
off which the downstream signaling is similar to that of IL-3 was unaltered. This 
observationn indicates that although both cytokines are potent inducers of Pirn 
transcription,, PIM is only important for IL-3 mediated signaling. Whether PIM 
affectss proliferation, differentiation or apoptosis in this response remains, 
however,, to be investigated. The early trancription of Pirn in response to GM-
CSF,, IL-5, TPO and IL-3 is likely regulated by JAK2/STAT5 signaling (Lilly et 
a/.,, 1992; Temple era/., 2001; Nagata and Todokoro, 1995; Domen et al., 
1993).. The partial overlap in phenotype between P/m-mutant and Stat5a;5b-
mutantt bone marrow cells with respect to colony formation suggests that 
somee of the phenotypes ascribed to STATS signaling is mediated through 
transactivationn of the Pirn genes. In addition to these cytokine-dependent 
aberrations,, we observed a proliferation defect of pre-B cells in response to 
IL-77 in vivo as well as in vitro. These defects were apparent in Pim1 and 
Pim1Pim1 ;Pim2;Pim3-rt\utant animals and to a lesser extent in Pirn3-deficient 
mice.. This indicates that Pim1 and Pim3 can also act redundantly in this 
setting,, but that Pim1 is the most crucial Pirn member here. Since the 
proliferatingg fraction of B cell precursors is higher in P/m-mutant animals in 
comparisonn to wild-type animals, this would suggest that rather the 
proliferationn than apoptosis is affected in P/'m-deficient B cells. We also 
checkedd whether P/m-mutant T cells show an impaired response to TCR 
activationn and IL-2. Pim1 ;Pim2;Pim3-muiar\\ peripheral T lymphocytes do not 
exhibitt a significant altered proliferation in response to TCR activation. 
However,, the synergism between TCR and IL-2 seems to be absent in 
Pim1Pim1 ;P/m2;P/m3-mutant T cells, and to a lesser extent in Pim1- or Pim2-
mutantt T cells. This finding is consistent with the model for PIM functioning as 
emergingg from the genetic screen discussed above. Culturing T cells in the 
presencee of TCR/IL-2 will provide an in vitro system that might be 
instrumentall in addressing PIM signal transduction. Future biochemical 
experimentss might teach us about the signaling pathways downstream of the 
PIMM proteins important for the synergism of TCR and IL-2 signaling. 

Inn summary, two distinct genetic approaches described in this thesis 
demonstrate,, independently, that PIM proteins likely play a role in the cross-
talkk between growth factor signaling pathways. This thesis further illustrates 
thee power of retroviral insertional mutagenesis to identify new genes involved 
inn tumorigenesis and to dissect pathways collaborating in this process. 
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Nederlandsee samenvatting 
(voorr de niet ingewijden) 

Kankerr is het gevolg van veranderingen in het DNA in een bepaalde cel die 
tott een ongeremde groei van deze cel kan leiden. De veranderingen in het 
DNAA kunnen kunnen leiden tot activeringen of inactiveringen van de eiwitten 
diee door de genen in het DNA worden gecodeerd. Een gen dat bij activering 
bijdraagtt aan tumorvorming wordt een proto-oncogen genoemd en een gen 
datt bij inactivering bijdraagt aan de ontwikkeling van kanker een tumor 
suppressorr gen. Normaal gesproken is een wijziging in één zo'n gen niet 
genoegg om aanleiding tot ontsporing van celgroei te geven, maar zijn er 
meerderee nodig die samen kunnen werken. 

Err bestaan specifieke retrovirussen die na infectie van een cel hun 
genetischee informatie inbouwen in het DNA van deze cel. Dit geïntegreerde 
DNAA dient als mal voor de aanmaak van nieuwe virussen. Door hun positie in 
hett DNA kunnen ze nabijgelegen genen beïnvloeden. Als deze genen een 
kritischee rol spelen bij het reguleren van bijvoorbeeld celgroei, kan dit leiden 
tott activering van deze genen en daarmee tot tumorvorming. Door de plaats 
vann integratie in de tumoren te bepalen is het mogelijk om genen te 
identificerenn die bij kunnen dragen aan de ontwikkeling van een kanker. 
Aangezienn in een gezwel meerdere genen aangedaan zijn, kan de combinatie 
vann verschillende mutaties inzicht verschaffen welke genen samenwerken bij 
dee ontwikkeling van een tumor. 

Eenn oncogen dat met behulp van retrovirussen is gevonden is Pim1. Dit 
genn behoort tot een familie van enzymen, bestaande uit Pim1, Pim2 en Pim3, 
diee belangrijk zijn voor activering van verschillende eiwitten. Helaas zijn de 
biologischh relevante targets van Pim nog niet geïdentificeerd en mede 
daardoorr is hun rol in tumorvorming nog niet opgehelderd. Om een beter 
inzichtt te krijgen in de functie van Pim met betrekking tot kanker, hebben we 
eenn genetische screen in muizen opgezet. Deze benadering maakt gebruik 
vann twee kenmerken van Pim: 1) Pim genen worden vaak geactiveerd in witte 
bloedcelkankerr veroorzaakt door retrovirussen. 2) Pim oncogenen werken 
samenn met Myc oncogenen in deze tumoren. Door muizen die Myc verhoogd 
aanmakenn en zowel Pim1 als Pim2 missen te infecteren met een retrovirus 
(Moloneyy murine leukemie virus (M-MuLV)) hoopten we genen te vinden die 
Pim11 en Pim2 kunnen vervangen in het tumorproces en daarmee inzicht 
gevenn in de functie van Pim eiwitten. Uit 65 door dit virus veroorzaakte 
tumorenn identificeerden we 477 plaatsen waar het virus was geïntegreerd. 
Dezee zijn echter niet allemaal representatief voor kankergenen, aangezien 
alleenn die plaatsen waar een virus meer dan een keer in onafhankelijke 
tumorenn gevonden wordt naar alle waarschijnlijkheid een plek markeert die 
bijdraagtt aan het ontstaan van deze kanker. In totaal vonden we zo 52, 
waarvann 39 nieuwe, locaties die in potentie een kankergen herbergen. 
Vergelijkingg met de virale integratieplaatsen geïsoleerd in twee andere studies 
voegdee nog eens 39 locaties toe waar in de onmiddellijke omgeving van 
proto-oncogenenn of tumor suppressorgenen aanwezig zijn. Verdere analyse 
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vann de 52 tumorlocaties resulteerde in de ontdekking van 10 plaatsen die 
genenn bevatten die Pim kunnen vervangen in het tumorproces. Eén gen dat 
dee plaats van Pim1 en Pim2 kon innemen was Pim3, het laatste nog 
aanwezigee Pim gen. Het vinden van Pim3 in deze screen was een belangrijke 
validatiee voor de methode. Andere genen die door het virus aangedaan 
waren,, waren Kit, Tpl2 en Cycline D2. Ondanks het feit dat de overige 6 
tumorgenenn nog niet geïdentificeerd zijn, hebben Pim3, Kit, Tpl2 en Cycline 
D22 toch een belangrijk nieuw inzicht in de rol van de Pim eiwitten voor 
tumorgenesee gegeven. Uit deze experimenten is namelijk naar voren 
gekomenn dat Pim waarschijnlijk betrokken is bij de synergie-integratie van 
signalenn die cellen aanzetten to groei. 

Eenn andere vraag met betrekking tot Pim, die we met de in dit 
proefschriftt beschreven experimenten hebben willen beantwoorden is: "Wat is 
dee rol van de Pim eiwitten in de ontwikkeling van een organisme?". Om dit te 
tee achterhalen hebben we een muis gemaakt die zowel Pim1, Pim2 als Pim3 
mist.. Eventuele verschillen met een muis die alle Pim eiwitten nog bezit zullen 
dann teweeggebracht zijn door de afwezigheid van de Pim eiwitten. Pim-
deficiëntee muizen waren bij de geboorte al 30% kleiner vergeleken met 
normalee muizen. Dit wijst erop dat Pim betrokken is bij de groei van het 
embryoo en belangrijker dat Pim waarschijnlijk een rol speelt in embryonale 
groeifactorr signalering. Daarnaast lijkt het dat muizen die geen Pim hebben 
eenn afweerdefect hebben. Dit zou veroorzaakt kunnen worden door een 
defectt in de groei van verschillende cellen die belangrijk zijn voor het 
immuunsysteem. . 

Ondankss dat muizen zonder Pim geen grote afwijkingen in het aantal 
afweercellenn vertonen, zijn na isolatie van de voorlopers van deze cellen en 
stimulatiee van deze voorlopercellen buiten de muis duidelijke afwijkingen waar 
tete nemen. De groeifactor gestimuleerde ontwikkeling en groei van deze 
bloedcellenn is voor een meerderheid van de geteste factoren erg beperkt. 
Daarnaastt hebben we laten zien dat de groei van een bepaald soort witte 
bloedcell die normaal gesproken betrokken is bij de opruiming van virale en 
bacteriëlee infecties achterblijft bij cellen die geen Pim eiwitten bezitten. Omdat 
dee groei van deze witte bloedcellen afhankelijk is van groeifactor en activering 
vann de cel, lijkt ook hier de samenwerking tussen verschillende groeifactor 
routess niet goed te verlopen. 
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Dankwoor d d 

Nuu ik aan het einde van dit proefschrift ben gekomen is het de hoogste tijd om 
eenn ieder die op een of andere wijze zijn of haar steentje aan dit werk heeft 
bijgedragenn te bedanken. 

Allereerstt wil ik natuurlijk mijn promotor bedanken. Ton, zonder dat je 
ookk maar een woord met mij had gewisseld ben ik in jouw afwezigheid door 
tweee van je medewerkers aangenomen. De gedachte dat een voor jou totaal 
onbekendd iemand aan je beruchte 'stiefkindje' PIM, toen al officieus 
omgetoverdd tot Pre (Post)doctorally Induced Misery, onderzoek gaat 
verrichten,, heeft naar alle waarschijnlijk je gemoedsrust danig beïnvloed. 
Voorall toen tijdens je transatlantische vlucht deze onzekerheid nog eens werd 
gevoedd doordat een van mijn stagebegeleiders toevallig naast je in het 
vliegtuigg zat en me betitelde als een 'beetje' eigenwijs. Ik hoop dat het 
achteraff allemaal is meegevallen! Ik heb hun beslissing in ieder geval nooit 
betreurd.. Vooral je onuitputtelijke enthousiasme over nieuwe bevindingen en 
dee daaruit voorvloeiende stroom aan ideeën zullen me altijd bijblijven. 
Gelukkigg heb ik dit surplus aan ideeën aan een strenge selectieprocedure 
onderworpen,, zodat de draagtijd van dit proefschrift nog enigszins binnen de 
perkenn is gebleven. 

Alss tweede wil ik de mensen bedanken die rechtstreeks met de pipet mij 
eenn handje hebben geholpen. John, van wie ik een loodzwaar project erfde, 
maarr zonder wie dit 'PIM' proefschrift nooit gestalte zou hebben gekregen. 
John,, I am glad we got along after our slow start. Thanks for everything mate! 
Martijn,, die de laatste periode van mijn OIO-schap heeft meegemaakt, mij 
heeftt geholpen met de althans voor mij laatste PIM-proeven, en de frequentie 
vann de vrijdagmiddagborrel aangenaam heeft opgeschroefd. Martijn, ik hoop 
datt vanaf nu PIM staat voor 'Phantastic In Multiplicity', succes! Conny, die de 
essentiëlee experimenten voor het verkrijgen van de PIM3 KO muizen heeft 
uitgevoerd.. Jos, die daarin heeft bijgestaan en zonder wie ik nooit in dit lab 
hadd gewerkt. Hij was namelijk mede verantwoordelijk voor de eerder 
beschrevenn gemoedsrust van Ton! Hiervoor dank! De andere is Paul. Ook jij 
bedanktt voor je impulsief besluit, en samen met Karin voor de injecties van de 
ESS cellen. De laatsten die een directe bijdrage aan mijn onderzoek hebben 
geleverdd zijn mijn studenten, Puck, Like en Kevin. Bedankt voor de 
identificatiee van de vele integratie sites! Zonder jullie was het een nog veel 
groteree klus geweest. 

Naastt deze mensen wil ik alle medewerkers die betrokken zijn geweest 
bijj het verzorgen van mijn muisjes bedanken. Met name Louis, Henk, Nell, 
Maaike,, Auke, Muriël, Sjaak, Arnoud en Tanja ben ik erg veel dank 
verschuldigd.. Ook wil ik Eric en Anita bedanken, die me altijd met FACS raad 
terzijdee stonden, en de medewerkers van de groep histologie bestaande uit 
Martin,, Kees, Ji-Ying, Svetlana, Jurjen en Marlon. Verders wil ik alle mensen 
bedankenn die er voor gezorgd hebben dat ik met enig genoegen kan 
terugkijkenn op mijn OIO-periode. Om te beginnen natuurlijk de vaste klanten 
vann de vrijdagborrel. Frank, groetjes aan Loesje en bedankt voor de Lab-
trophy.. Scott, I am very sorry for your recruit at 'Gollum', and thanks for your 
wiskeyy knowledge! Erwin, cheers! Renée, succes met de zusjes van PIM! 
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Ralph,, wedje maken? Andrej, have fun with PIM! Ate, relax and enjoy! John 
Z.,, one hundred and eighty? Daarnaast natuurlijk ook de andere mensen van 
hett Berns lab in een door de tombola bepaalde volgorde: Eric, Johan, Fina, 
Xiaoling,, Matthew, Carla, Vedrana, Axel, Michiel, Hanneke, 'dokters' Henk, 
Marcelle,, Marie-Anne, Nicole, Rahmen, Jaap en Loes (of hoor je niet bij ons?) 
aangevuldd met de personen die ons inmiddels hebben verlaten: Jacqueline, 
Rein,, Nicole W., Dennis, Jörg, Ngan, Philippe, Fons, Sylvia, Sergio, Marc, 
Frankk M., Kim, Gabriel, Conny T., Els, Suzanne, Tineke, Karin W., Katinka en 
Tammy.. De afdeling Moleculaire Genetica bevat of bevatte natuurlijk ook 
anderee groepen die me met raad en/of spullen hebben geholpen. Hiervoor wil 
ikk mijn collega's van de van Lohuizen, Demant, Beijersbergen, Barlow en 
Peeperr labs bedanken. Ik hoop dat ik al het 'geleende' heb teruggebracht. 

Ookk al heb ik de lijst van personen, die ik op een of andere wijze dank 
verschuldigdd ben, 'tig' keer doorgelopen, de kans is erg groot dat ik 
desondankss iemand ben vergeten. Om dit te voorkomen wil ik tenslotte 
iedereenn bedanken die om de een of andere reden niet in dit dankwoord is 
vernoemd.. Bij deze allemaal BEDANKT! 
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Curriculu mm Vitae 

Opp 23 april 1973 is de schrijver van dit proefschrift te Deurne op de wereld 
gezet.. Na in 1991 het St. Willibrord gymnasium in Deurne met goed gevolg te 
hebbenn doorlopen, begon Harald de studie Biomedische Wetenschappen aan 
dee Rijksuniversiteit Leiden (RUL). Tijdens deze studie heeft hij 3 korte stages 
(3-55 maanden) gelopen in de aan de RUL verbonden vakgroepen 
Reumatologiee (Prof. Dr. C. Verweij), Immunohematologie (Dr. P. van den 
Eisen),, en Biochemie (Prof. Dr. J. Maassen). Zijn afstudeerstage vond plaats 
bijj Organon NV te Oss in de divisie Immunologie (Dr. G. Verheijden), waarna 
Haraldd nog 9 maanden stage heeft gelopen op de afdeling Molecular 
Geneticss (Prof. Dr. A. Bernards) van het Massachusetts General Hospital and 
Harvardd Medical School te Boston. Harald behaalde zijn doctoraal examen 
Biomedischee Wetenschappen in september 1996. Vanaf toen tot aan 
septemberr 2001 is hij als onderzoeker in opleiding werkzaam geweest in de 
groepp van Prof. Dr. A. Berns op het Nederlands Kanker Instituut te 
Amsterdamm op een door de Nederlandse Kankerbestrijding-Koningin 
Wilhelminaa Fonds gefinancierd project. Na een verplicht uitstapje van drie 
maanden,, heeft hij nog tot eind december 2002 aan dit project gewerkt als 
aanstaandd wetenschappelijk medewerker. 
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