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Chapter 1
Insertional Mutagenesis: A Powerful Tool
in Cancer Research

Anton Berns

1.1 Introduction

Cancer arises largely as a result of mutations in genes regulating growth and
differentiation of cells. In most tumors multiple genes are usually affected, result-
ing in either loss or gain-of-function of the encoded protein. The former category
encompasses tumor suppressor genes whereas the latter belong to the oncogenes
class. However, one should keep in mind that this designation can be context-
dependent, and consequently a gene might act as an oncogene in one specific context
and as a tumor suppressor in another. The number and nature of genes needed to
drive cancerous growth can vary substantially and might lie between three and 10
and can greatly differ between different tumor types. If mutations occur in early
progenitors, the cells might already be endowed with self-renewal capacity and
therefore the additional mutations required to give rise to a malignant transfor-
mation might be very different from those needed to confer cancerous growth on
further differentiated cells. The burning questions cancer researchers are facing are
which combination of mutations are required to drive tumor growth in which of the
cell types that constitute the tumor, and to what extent tumor growth is “addicted”
to these mutations. Further insight into the mechanisms that promote metastasis
and that can make tumor cells refractory to chemotherapy and targeted drugs are
immediate next questions that we need to answer to develop more effective interven-
tion strategies. This requires a detailed insight into how tumor cell proliferation and
metastasis is controlled. Gene mutations critical for tumorigenesis have been found
in a number of ways: by identifying transforming genes through DNA transfec-
tion experiments, by mapping recurrent translocations, amplifications, and deletions
in chromosomal regions, by identifying the genes captured by acute transform-
ing retroviruses, by defining the insertion sites of slow transforming retroviruses
and transposons, and, more recently by the high throughput sequencing of cancer
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2 A. Berns

genomes. A number of general conclusions can be drawn from these studies. First,
the number of recurrent mutations that confer a selective advantage to tumor cells
is likely larger than previously thought. Second, a greater variety of genes than ear-
lier suspected might have transforming potential when mutated or inappropriately
expressed. Third, many of the genes contributing to tumorigenesis show a strong
context dependence, and their expression levels might have to be within particular
boundaries to effectively mediate the oncogenic effect, indicating that there is much
more subtlety in the evolutionary process of tumor development than previously
thought.

Insertional mutagenesis should be viewed as a “tool” in this context as it seems to
play only a modest role in spontaneous tumorigenesis in man. However, it provides
us with a potent methodology that can answer many of the burning questions. It
can be used nearly in the same way as suppressor and enhancer screens previously
performed in fruit flies and worms, to identify components of signaling pathways
and to elucidate genetic interactions between pathways. This chapter is written to
convey concepts rather than to provide the reader with experimental details. These
can undoubtedly be found in many of the more specific chapters in this book.

1.2 Historical Perspective

Insertional mutagenesis has, in fact, a long history, although the underlying mech-
anism has remained obscure for more than half a century. It was at the basis of
the high incidence of mammary tumors conveyed by cell-depleted milk of high-
incidence mammary tumor strains as first reported by Bittner almost 70 years ago
[4]. Insertional mutagenesis is also the cause of the high spontaneous lymphoma
incidence recognized in some strains of mice in this same period ([30], #3801). The
discovery of reverse transcription and oncogenic retroviruses focused much atten-
tion on the role of retroviruses in cancer. However, the difference between acute
transforming retroviruses that carry oncogenes in their genomes and slow trans-
forming viruses that can activate resident proto-oncogenes, was not immediately
recognized. The first observation pointing in this direction was the observation that
the spontaneous lymphoma development in the AKR strain was associated with an
increase of the number of proviral copies in tumor DNA [3]. However, it took several
years before the underlying mechanism, i.e., insertion of proviruses in the vicinity of
proto-oncogenes or within tumor suppressor genes with their concomitant activation
and inactivation, respectively, was elucidated.

In the first report to this effect it was shown that proviral insertions had occurred
in the close proximity of an already well-known proto-oncogene—Myc in Avian
Leukosis virus-induced tumors [16, 27]. While initially this provided information
on the mechanism of action of these slow transforming viruses, it was quickly rec-
ognized that this could be used as a tool to identify new cancer-causing genes. The
concept behind this is simple: Although the integration machinery of retroviruses
and transposons does not cause fully random insertions—chromatin structure and
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sequence context undoubtedly leads to skewing—the process appeared sufficiently
random to assume that insertion will occur in or near almost all genes when many
millions of insertions take place in millions of cells. Occasional insertions near
proto-oncogenes or within tumor suppressor genes might endow these cells with
such a prominent selective growth advantage that this results in the outgrowth of
clones that harbor insertions close to the same (putative) proto-oncogenes in inde-
pendent transposon-induced tumors. The experimental strategy then is to induce
tumors in a series of mice, e.g., by retroviral infection, and determine the insertion
sites of the proviruses in the resulting, mostly clonal tumors. If proviral insertions
or transposons cluster in the same region of DNA in tumors of independent mice
more frequently than would be expected by chance, it is very likely that these inser-
tions are associated with a selective advantage for the tumor cell. Such insertion
clusters are called “Common Insertion Sites” (CIS). CISs are to be distinguished
from “preferential insertion sites,” the term that indicates that some loci might be
occupied more frequently than others as a result of the interplay between chro-
matic structure, primary sequence and the integration machinery of the retrovirus or
transposon. Preferential insertion sites constitute the background noise in insertional
mutagenesis screens.

At the time the sequence of the mouse genome was not yet known and sequenc-
ing techniques archaic in comparison with current technologies, CISs had to be
determined by cloning the flanking sequences of proviral insertions and using those
as probes to ask whether changes could be found in the sizes of the correspond-
ing genomic restriction fragments of DNA isolated from independent tumors using
Southern blotting. Although laborious, this approach has identified many interesting
new oncogenes that have provided important insights in the underlying mechanisms
of tumorigenesis. The analysis of Mouse Mammary Tumor Virus (MMTV)-induced
mammary carcinomas resulted in the discovery of the Wnt family of oncogenes
critically important for stem cell self-renewal [28]. Another gene critical for stem
cell renewal, Bmi1, was also identified by insertional mutagenesis [36]. A number
of groups have exploited insertional mutagenesis to identify new oncogenes and
tumor suppressor genes (for review, see [32]). In many instances it could be shown
that genes carrying insertions within or nearby were deregulated or truncated by the
insertions and had acquired oncogenic capacity or had lost tumor suppressor activ-
ity, thereby validating the robustness of the strategy. However, long-range effects
have also been noted, making it sometimes cumbersome to identify the gene or
genes near an insertion cluster conferring the selective advantage [20]. Altogether,
the number of candidate oncogenes and tumor suppressor genes identified by inser-
tional mutagenesis is impressive and in the same range as the number discovered
by all other methods together, assuming the vast majority proofs to be genuine can-
cer genes. However, to identify these candidates required a relatively small effort
in comparison with other approaches. Furthermore, it can serve as a valuable com-
plementary strategy to the current deep sequencing initiatives of cancer genomes.
Genes found by both methods are almost certainly involved in cancer and there-
fore insertional mutagenesis is very suitable as a cross-validation method for deep
sequencing.
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1.3 The Site of Insertion can Provide Mechanistic Insights

In a recent study in which we analyzed the insertion sites of around 500 Moloney
MuLV-induced lymphomas, it appeared that a very substantial fraction of the 360
CIS that were found could be mapped to a position within the transcription unit.
The remainder was found located mostly in the close vicinity, either up- or down-
stream of the supposed target gene. What type of conclusions can be drawn from
the sites of insertion? The insertions up- or downstream of genes usually influence
the level of the transcript, although translation can also be influenced, e.g., in case
of promoter insertion in which transcription starts within the provirus resulting in
an altered 5′ untranslated region that could influence translation efficiency. In many
instances the insertions seem to act primarily as “enhancer” insertion supporting
augmented transcription from a regularly used promoter (see Fig. 1.1). If multi-
ple promoters are employed by genes—as is quite often the case—the enhancer
insertion might selectively promote one transcript over the other thereby potentially
also mediating a different biological effect. Insertions up- or downstream of genes
therefore primarily change the expression level and rarely the nature of the encoded
protein. The insertions found within transcription units fall in a number of different
categories:

i. insertions in upstream introns and exons in a promoter insertion or enhancer
orientation invariably give rise to an altered transcript but in most cases to the
normal protein as most of these insertions do occur upstream of the predominant
AUG initiation codon. Obviously, alteration of the 5′ untranslated region might
change the efficiency of translation and can have a dramatic effect even if the
level of the transcript is only modestly changed as has been observed for the
activation of Lck [22].

Fig. 1.1 Consequences of insertions on neighboring genes. A proviral insertion is provided as
an example. In this case activations and inactivations of genes are possible through insertions that
enhance transcription of the promoters normally driving transcription of the gene. Insertions in
which the promoter of the provirus is used the 5′ sequence of the mRNA will be changed and this
can lead to an altered translatability, or when inserted within the transcription unit to a different
product that might either be more active (oncogenes) or has lost activity (tumor suppressors)
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ii. Insertion in a noncoding region of a 3′ exon. Usually, the provirus can act here
both as an enhancer and a transcriptional termination site and can so remove
elements from the transcript that are targeted by micro-RNAs, thereby modu-
lating either mRNA stability or its translation. This might explain the narrow
domain in which proviral insertion site might be found. A good example is the
CIS cluster near the translational stop codon in lymphomas with a provirally
activated N-myc gene [34].

iii. Insertions in internal introns or exons in the same transcriptional orientation
as the gene. This usually results in the expression of truncated proteins, either
encoded by 5′ region of the gene or by the 3′ region of the gene starting transla-
tion either from an internal AUG or from sequences in the provirus with splicing
to a downstream exon. Examples of both are found. Deletion of the carboxyter-
minal region of the Tpl2 (or Cot) protein kinase as a result of insertions within
the last intron results in a constitutive active kinase since the carboxyterminal
domain requires phosphorylation to permit activation of the kinase [5]. On the
other hand, insertion in the Notch gene results in a mRNA that expresses the
carboxyterminal region of Notch [17]. This is the business end of the protein
and is normally produced through a gamma-secretase-dependent mechanism
that relies on ligand-induced regulated intramembranous proteolysis. The car-
boxyterminal fragment that is produced then translocates to the nucleus where
it becomes engaged in transcription regulation.

iv. Insertions within the transcription unit in either orientation can also result in a
protein that acts in a dominant negative fashion or in its complete inactivation.
This type of insertion is found in tumor suppressor genes leading to their inac-
tivation. One might find insertions in both alleles of the tumor suppressor gene
indicating that each insertion does confer substantial selective growth advantage
to the cell.

Insertional mutagenesis is probably one of the most powerful methods to
identify haplo-insufficient tumor suppressor genes as other genetic evidence for
haploinsufficiency is often difficult to obtain. The different effects of proviruses
or transposon on gene function is schematically depicted in Fig. 1.1.

1.4 Methodologies

Other chapters in this book will describe in detail specific new strategies in which
DNA transposons are used that facilitate identification of the genes that are affected
by the insertion. Therefore, I will limit myself describing a number of general fea-
tures of insertional mutagenesis screens. A critical condition for successful screens
is to generate a sufficient number of insertion events in order to have sufficient prob-
ability to achieve insertions near genes that can confer a selective advantage. The
replication competent retroviruses are particular powerful in this respect as they
enable multiple rounds of infection leading to the accumulation of proviral copies
that can amount to often more than 20. This requires escape from interference by
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Fig. 1.2 Establishing interactions between common insertion sites. This diagram shows the
interaction of a subset of the CIS found in the insertional mutagenesis screen described in Uren
et al. [33]. CIS interaction network representing the co-occurrence or mutual exclusivity of the 20
most significant CISs. Co-occurring CISs are connected by green lines (thin line, 0.001< p-value
< 0.05; heavy line, p-value < 0.001), mutual exclusive CISs are connected with red lines (thin line,
0.001< p-value < 0.05; heavy line, p-value < 0.001)

expression of envelope protein at the cell membrane of previously infected cells,
and there are different mechanisms to reduce this interference, e.g., changing the
envelope glycoprotein through recombination with endogenous viruses [29] and
truncation of newly acquired proviruses due to mutations in the envelope gene.
However, also replication defective viruses can give rise to a sufficient number of
insertions to hit genes that can confer a selective advantage to the cell. Treatment
of bone marrow of SCID patients with the therapeutic common gamma chain gene
resulted in leukemias in a subset of the patients due to the insertion and concomitant
activation of the LMO2 gene [15]. In the mouse, defective viruses have also been
successfully used to mark oncogenes contributing to myeloid tumors [10]. In these
instances the defective virus carried a gene that by itself can act as an oncogene.
As a result, an insertion near a “collaborating” proto-oncogene would achieve two
hits in one go. This might be one of the reasons why tumors ensue so effectively
after infection with these oncogenic viruses. We can conclude from these obser-
vations that also with defective viruses a sufficient number of insertion events can
be achieved to alter genes that can convey accelerated proliferation of cells and
subsequent tumorigenesis.

When the number of infections is limited, it is likely important which sub-
set of the cells are infected. Progenitor cells might be more prone to give rise to
tumors as they might already have self-renewal capacity. This is particularly relevant
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when transposons are used that are inserted into the genome of all cells by germline
modification and whose transposition is initiated by the cell-type specific activation
of the transposase. The transposase might need to be activated in the right (pro-
genitor) cell to permit tumor development. While this is a potential limitation, it
also provides a unique opportunity to determine whether only particular cells in
a tissue have the capacity to command tumorigenesis, e.g., by using distinct Cre
strains with a highly specific target cell specificity. A high level of selectivity has
also been observed with replication competent retroviruses that give rise to specific
tumors, such as MMTV, Moloney murine leukemia virus, Friend murine leukemia
virus and AKR endogenous ecotropic virus. However, one should realize that also
the genetic background of the strains in which tumorigenesis is induced plays an
important role both in the type of tumor that will arise and the latency period [12].
Although Moloney and Friend murine leukemia viruses are very similar in primary
sequence, they give rise to different tumors in the same host due to small differ-
ences in their primary sequence [26]. These differences can influence many steps
of the infection cycle of retroviruses and thereby influence the number of inser-
tions in a particular cell type. With the DNA transposons that are now becoming
the preferred insertional mutagen, we acquire more control over the process of
insertional mutagenesis. This includes on the one hand the selective initiation of
transposition in the cell type of choice at the desired time by Cre mediated activa-
tion of the transposase. In this setting the Cre is fused to a genetically modified
estrogen-binding domain making it responsive to Tamoxifen, and driven from a
cell-type specific promoter. Alternatively, Cre-mediated recombination can be used
to make a transposase responsive to tetracycline regulation thereby providing the
opportunity to switch the transposase on and off during tumor initiation and pro-
gression. This would potentially permit control over consecutive (in)activations
of genes contributing to tumorigenesis and prevent undesired excision of trans-
posons from loci that have contributed to the tumorigenic process. It is evident
from the data that are now becoming available that insertional mutagenesis using
DNA transposons works very efficiently and can give rise to multiple hits within
a single tumor [11]. The added value of transposons is that they can be equipped
with splice donor or splice acceptor sites making identification of the affected gene
much less cumbersome. A drawback of the transposon systems is the preference
to transpose locally in the vicinity of where the donor concatemer is inserted. First
generation sleeping beauty transposons are known for this. However, the resulting
skewing of insertion site can be simply ignored, and through the use of indepen-
dent strains in which the donor concatemer is integrated in different chromosomes
one can simply focus on the common insertion sites shared by the tumors in those
strains.

One point important to note is that transposons, but even more so retroviruses,
might elicit biological effects from the cell that are not related to insertional muta-
genesis per se. In the case of retroviruses it is clear that additional mechanisms
assist in the effective viral replication thereby facilitating insertional mutagenesis.
The envelope might evoke a proliferative response [21] or, as is the case for MMTV,
in which the synthesis of superantigens exploits the immune system to establish a
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chronic infection allowing infection of the mammary gland and transmission of the
virus through the milk [1]. Similarly, transposition might elicit genetic instability
or activate repair pathways requiring insertions in other gene sets in order to com-
pensate for these “transposon-specific” effects. These “compensating mutations”
might therefore mark genes that are unique for insertional mutagenesis model sys-
tem without necessarily bearing relevance for tumors arising in man. Therefore, it
is important to determine whether the “hits” of insertional mutagenesis screens play
also a role in tumorigenesis in other settings, either experimentally or in human
tumor cohorts.

1.5 Pairing Insertional Mutagenesis with Other Genetic Tools

Insertional mutagenesis can confer a selective advantage to cells. This advantage
can be any feature one can select for. In such a way one can tune the system so
that selection for particular features dominate, leading to the identification of genes
whose altered expression or activity play a role in this process. The simplest tuning
regards selecting for mutations in a distinct tissue or cell type. This can be achieved
either by the nature of the infectious agent, e.g., MMTV gives rise to mammary
tumors, MoMuLV to mostly lymphomas, and Friend MuLV to erythroleukemias,
or by directing transposition to subsets of cells via manipulating the expression of
transposases. In this way transposition can be activated in any cell lineage for which
a tissue-specific promoter is available. Especially the DNA transposons that can be
controlled by two levels of regulation (cell-type specific Cre making the transpose
responsive to tetracycline) are particular powerful in this respect. In addition, trans-
posons can be manipulated to skew their action pattern, e.g., to activate adjacent
genes by equipping them with the appropriate enhancer elements in combination
with a promoter and splice donor site, or to inactivate genes, by including a splice
acceptor without an enhancer or promoter. This permits preferential identification
of proto-oncogenes or (haplo-insufficient) tumor suppressor genes.

Insertional mutagenesis is also very suitable for use in sensitized screens. In this
setting mice might already be predisposed to tumorigenesis and in that setting the
prime question becomes which mutations are most effectively complementing the
already present lesions. These lesions could have very different features, such as
mutations in the Bloom’s syndrome protein (Blm), permitting phenotype-driven
recessive screens in diploid cells that made it possible to identify genes involved
in mismatch repair [14]. We have used the strategy of sensitized screens by infect-
ing tumor-prone Eμ-Myc or Eμ-Pim1 mice with MoMuLV and scored for new CISs
that most effectively synergized with the predisposing lesions [35, 36]. One of the
genes identified in this way was Bmi1, now known to be of critical importance for
stem cell maintenance [31]. The same principle underlies the screen we recently
performed in which we asked whether we would find skewing of insertion sites
when comparing the CISs in lymphomas of wild-type, p19Arf–/–, and p53–/– mice.
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Indeed we could find subsets of insertions that were highly enriched in each of these
different genotypes [33] indicating unique interaction patterns with these resident
lesions.

One can also utilize insertional mutagenesis to ask how to compensate for gene
mutations that delay tumorigenesis. We have observed in the past that the co-
expression of Myc and the protein kinase Pim1 results in a very strong synergism.
Compound transgenic Eμ-Myc;Eμ-Pim1 mice are highly tumor prone, often suc-
cumbing already during embryogenesis from extensive lymphoid proliferation [37].
No other combination of oncogenes shows a similar high potency. This strong syn-
ergism suggested that Pim-controlled pathways are very important in tumors arising
in Myc transgenic mice. We speculated that a screen in a Myc transgenic line lack-
ing Pim might identify genes that can substitute for Pim. Therefore, we generated
Eμ-Myc;Pim1–/–;Pim2–/– compound mutant mice and accelerated tumorigene-
sis by MoMuLV infection. Tumors that ensued showed distinct gene activations,
among which Pim3, the last member of the Pim family, was found as a predom-
inant target, as were other genes that likely can effectively compensate for Pim
loss [24].

Using a different selection scheme one can also focus on genes involved in tumor
progression or genes conferring drug resistance. The latter might be particularly
relevant to understand the underlying mechanisms of drug resistance that often fol-
lows tumor regression imposed by cytotoxic or targeted drugs. A nice example has
recently been published in which RUNX genes were identified as playing a critical
role in conferring resistance to imatinib in chronic myeloid leukemia [23].

Finally, insertional mutagenesis does not necessarily have to act on genes directly
but on any genetic element that can alter gene expression. In this respect it is
noteworthy that expression of several micro-RNAs were found to be affected by
insertions, in some cases with a very high incidence [19, 33]. Obviously, other
not yet defined modulators of gene expression could be derailed by the insertional
mutagenesis and, in fact, insertional mutagenesis might assist in identifying these.

Even without any specific predisposition one might simply ask the question
whether parameters that differ among a group of animals in a particular experiment
are associated with distinct insertion patterns. An obvious example is variation in
tumor phenotype. In screens, some variation in tumor marker profiles might occur
and be often associated with distinct CISs. But in fact many more correlations can
be found, such as between sites of insertion and features like age of tumor onset,
gender of the mice, or specific genotypic variations occurring in the experimental
group.

I hope this convinces the reader that insertional mutagenesis is an extremely ver-
satile and powerful genetic screening method that can be applied in an in-vivo
setting. Especially now high throughput sequencing makes it possible to iden-
tify large numbers of insertion sites the approach will gain further momentum
from the utilization of DNA transposons, which give rise to substantially more
insertions per tumor cell clone than we are used to with replication competent
retroviruses.
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1.6 Mining “Hidden Information” in Mutagenesis Screens

Several studies either utilizing replication competent retroviruses or Sleeping
Beauty transposons to accelerate tumorigenesis have shown that multiple CISs are
often found in a single clonal tumor. This implies that insertional mutagenesis can
catalyze tumor progression by mutating genes that effectively collaborate in the
tumorigenic process. Since it is statistically nearly impossible to acquire almost
simultaneously insertions near or in two or more cooperating genes, one has to
assume consecutive insertions. The first insertion then should provide the cell with a
selective advantage to promote its expansion, thereby generation a cell population in
which a second collaborating “hit” becomes statistically feasible. The nature of the
first “hit” has also consequences for the second “hit” that is selected: a second hit
that complements the first mutation best has a higher probability to become enriched
in the outgrowing clone. In the recent large-scale insertional mutagenesis screen we
performed, this was precisely what we observed [33]. A number of facts are worth
noting in this regard.

i. Particular combinations of insertions are found frequently. This is in line with
the collaborating oncogene theory that has been proposed long ago [18]. Using a
screen for lymphoma development, we did observe a high incidence of events lead-
ing to activation of components in the Myc, Ras and PI3kinase pathway. Most of
the Ras-related mutations did not concern Ras proteins themselves—not surpris-
ingly since insertional mutagenesis cannot induce point mutations and therefore
the typical mutations found in Ras genes in many tumors cannot be achieved by
an insertion in these screens—but rather other components stimulating the path-
way such as the GDP/GTP guanine nucleotide exchange factor RasGRP1 that can
indirectly enhance Ras-mediated signaling. Many other specific combinations were
found. In fact, specific insertion clusters associated with the same proto-oncogene
occurred often together with other distinct CIS. This might indicate that a particular
level of expression is preferentially accompanied by insertions near defined other
genes, likely because different levels of oncogenes expression require distinct col-
laborating events, e.g., in the case of Myc a number of CIS clusters can be found
in its direct vicinity. Most if not all of these insertions, especially those that clus-
ter close to the Myc gene, will likely result in enhanced Myc mRNA expression
and Myc protein levels. Insertions at larger distance require closer scrutiny as they
might influence other genes or control elements, such as CIS in the Pvt1 locus [2].
Nevertheless, the co-mutation spectrum even of CIS that evidently affect Myc is
distinctly different for the various clusters.

There are several explanations for this observation:

i. The level of Myc expression is a determining factor in what are the most
effective second lesions for oncogenes collaboration. The selection pressure for
effective oncogene collaboration is in that model determined by the level of
MYC protein.

ii. Alternatively, other oncogenic insertion might have preceded the insertion
near Myc and determine what MYC levels are tolerated, e.g., without cells
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undergoing apoptosis. One might envisage that insertions leading to impaired
apoptosis would indirectly permit higher levels of MYC with concomitant
higher proliferation and therefore positive selection for insertions causing
higher MYC levels.

iii. Insertions in a particular region might be dictated by a different local chro-
matin structure resulting in a bias for insertions in particular subregions. Those
biases might even be created by insertions near other genes that directly affect
chromatin structure. Since a substantial fraction of the targets of insertional
mutagenesis are in fact genes coding for chromatin-modifying proteins, this is
an explanation that cannot be easily refuted.

Therefore, it is most likely that the specific combinations of collaborating
insertions that are found in these mutagenesis screens reflect a well-tuned col-
laboration between these genes in tumorigenesis. An important question then
is to what extent the tumor cell depends for its maintenance on this collabora-
tion. If they do, drugs against either component, or both, might be particularly
promising in treating tumors with co-mutations in the pathways in which these
genes are involved.

iv. Some of the collaborations seem more straight-forward but nevertheless intrigu-
ing as they appear to enhance signaling in the same pathway. Examples include
insertions resulting in overexpression of a normal Notch protein [33], which
is frequently accompanied by insertions near Lunatic fringe, a glycosyltrans-
ferase known to modulate Notch signaling. The observation that insertions in
the Notch gene directly giving rise to the active carboxyterminal region of Notch
do not carry insertions near Lunatic fringe is in line with this explanation.

The occurrence of very specific combinations of insertions has also other practi-
cal ramifications: First, the occurrence of specific combinations reduces the chance
that these insertions actually represent “preferential insertion sites” that are occupied
due to the preferences of the integration machinery for chromatin or sequence con-
text. Second, even if individual insertion might not occur frequently enough to reach
statistical significance over background, specific co-occurrences almost invariable
make these combinations highly significant. A good example represents insertions
near the common gamma chain gene and Lmo2 (the combination also found in
SCID patients that received retroviral gene therapy using a common gamma chain).
A more obvious but highly specific combination represents independent insertions
in each of the alleles of a tumor suppressor gene. This finding implies that insertion
in one of the alleles has conferred already a selective advantage allowing selective
expansion of cells carrying that insertion. The notion that p53 is a relatively rare
target of insertional mutagenesis using MoMuLV might indicate that inactivation of
one allele provides insufficient selective advantage, while this is clearly the case for
disruption of both alleles as has been illustrated by the high lymphoma incidence
in p53–/– mice. This would be in line with the observation that dominant negative
mutations in p53 are very predominant. If this assumption were correct, one would
expect p53 to be a more effective target for insertional inactivation in a P53+/–
background.
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Besides scoring for co-occurrences one might also check for lack of distinct
co-occurrences as these could indicate that mutually-exclusive mutations fulfill a
similar role in the tumorigenic process. This mutual exclusiveness is often seen for
family members of oncogenes such as insertion near c-Myc and N-Myc are mutu-
ally exclusive, as are insertions near Pim1 and Pim2. While this argument is rather
obvious for gene family members, mutual exclusiveness is also observed with genes
that do not belong to the same gene family and this information can assist us in
constructing wiring diagrams relevant for tumorigenesis.

1.7 Importance of Thorough Bioinformatics Analysis

The specific points made above with respect to extracting “hidden information” is
only possible when using rigorous statistical analyses and advanced bioinformatics
tools. The ability to identify multiple integration clusters in the vicinity of genes
depends on methods that allow the investigator to vary parameters, such as the
“window width”/“kernel width” and the statistical methods to reliably score for the
co-occurrence in datasets with very large numbers of insertion sites [7, 8]. Since
both the insertion machineries of the various retroviruses [9, 25] and DNA trans-
posons [38, 39] differ and chromatin structure likely influences accessibility we
encounter cold and hot DNA regions that might be poor or very well accessible to
retroviral insertion or transposition. Ideally, one would like to establish the distri-
bution of insertion sites in the absence of any selection pressure conveyed by the
insertion-driven expansion of cell clones. This is complicated by two factors:

i. It is difficult to collect a large number of insertions with retroviruses in vivo as
one has to retrieve cells shortly after infection and under those circumstances
a relatively small fraction of the cells will carry retroviral insertions. However,
time-controlled activation of transposase in transposon carrying animals does
allow such analysis. It would be interesting to determine how random the initial
insertions actually are and which regions in the genome register as “hot” and
“cold”.

ii. The insertion pattern is likely dependent on the differentiation stage of the tar-
get cell. This is for the moment an assumption and in vitro experiments using,
e.g., ES cells that can be differentiated toward distinct lineages might give us a
glimpse of how the variation in accessibility of chromosomal regions is dictated
by the differentiation stage or other conditions of the cells.

None of the insertional mutagenesis screens performed up till now have included
such background “controls” and this makes careful statistical analysis of the data
even more important.

No doubt there is more information to be extracted from the datasets that we have
so far. Factors that limit the power of these systems include uncertainty on whether
co-occurrences observed in a tumor reflect co-occurrences within the same cell
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clone or in different clones composing the tumor. Especially when tumors develop
very quickly there is the risk that they are oligoclonal. If a tumor used for analysis
in fact harbored multiple cell clones this makes it more difficult to draw conclusions
about co-occurrent or mutually exclusive insertion sites. This might be resolved by
performing the analyses on single cells of a tumor or by choosing systems in which
tumor development is relatively slow so that clonal tumors are more predominant.

Apart from improving the quality of the dataset there is also a lot to gain from
more sophisticated analyses. Besides determining the interdependence of CISs, it is
worthwhile to search for correlations between insertion sites and gene expression
profiles using high density expression arrays. If those would show distinct corre-
lations, one would like to determine whether similar expression profiles are also
discernable in human tumors as this might point to the presence of corresponding
driver mutations in human tumors.

1.8 The Added Value of Large Numbers

Insertional mutagenesis has been used since the early eighties and usually with small
tumor sets (mostly less than 50). Recent larger studies, made possible by the avail-
ability of the complete mouse genome sequence and development of faster and
cheaper sequence techniques, show that tumor panels of several hundreds tumors
offer much more information, showing low frequency insertions and co-mutation
frequencies that will be missed in small tumor panels.

The current methods in which insertions are exactly mapped to the nucleotide
on the mouse genome sequence has a tremendous advantage over the “Southern
blotting” approach of the early days of insertional mutagenesis screens. Different
datasets were at the time almost impossible to compare unless identical digests
and probes were used and even then one would easily miss significant CIS that
were located just outside the diagnostic fragment used in the Southern blot analy-
sis. Sequencing and exact mapping of the insertion sites overcome these limitations
and allow pooling of datasets generated in different labs in different models. Now,
the data have become cumulative, meaning that combined data sets provide more
information and more power. This should serve as a stimulus to the field not only to
produce large, complete, and thoroughly-curated datasets but also to put the infor-
mation in a format that makes it easy to combine datasets produced in the different
labs. In this respect it is very important to agree on a number of guidelines so that
one can be assured that the datasets meet defined quality standards as to prevent loss
of information when insertional mutagenesis datasets are combined.

1.9 Crossvalidation with Other Genetic Datasets

One of the elegant aspects of insertional mutagenesis screens is that it can iden-
tify at relatively low cost very large numbers of genes and control elements that
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likely play a role in cancer. At the same time one has to realize that a CIS does
not unequivocally identify a gene or regulatory element as the culprit. This requires
independent confirmation, e.g., by generating transgenic mice or by reproducing
tumor proneness by overexpression or inhibition of the affected gene or controlling
element in an appropriate cell type in vivo or in vitro using gene transfer. This has
been used successfully in a number of cases for the validation of oncogenes act-
ing in the hematopoietic system. Retroviral gene transfer into HSC with subsequent
grafting in sublethally-irradiated mice then results in accelerated tumorigenesis. As
a strategy to confirm the oncogenic potential conveyed by the large number of CIS
identified in recent years, this appears a formidable task especially if one realizes
that soon the number of putative oncogenes and tumor suppressor genes identified
by insertional mutagenesis will probably amount to several thousands.

Interestingly, other methods to identify putative new lesions that play a role in
tumorigenesis, such as the sequencing of cancer genomes, suffer from the same
limitation. However, by directly comparing these different datasets, e.g., if muta-
tions are found in genes that also are frequent target for insertional mutagenesis, in
which both methods lead to either activation or inactivation of those genes, one can
be fairly assured that the gene plays a role in tumorigenesis. In this way one can
validate genes in both datasets and even gather additional information about their
mechanism of action.

In comparing our recent dataset obtained in approximately 500 lymphomas and
defining almost 350 oncogenes, tumor suppressor genes and control elements, we
observed an almost 20% overlap with datasets of (putative) oncogenes/tumor sup-
pressor genes generated by other methods in multiple human tumor types, including
sequencing of cancer genomes. These numbers suggest that many oncogenic lesions
have still to be identified in human tumors, although one should realize that not
every genuine oncogene found by insertional mutagenesis might have a point-
mutated, translocated or amplified counterpart in human tumors, simply because
there might be other, more preferred routes to activate the pathway. The expec-
tation is that with the application of transposons to induce a larger variety of
tumors we will likely find much more overlap with the lesions found by these
other methods. As sequencing of cancer genomes will soon become the method
of choice to identify new lesions and knowing that the majority of the mutations
found in tumor DNA actually represent background noise [13], the combination
of high throughput insertional mutagenesis in different tumor models could be a
very effective and economic way to unequivocally identify new cancer causing
mutations.

1.10 Are New Cancer Causing Pathways to be Found?

In our recent large scale analysis of (500) lymphomas we asked the question whether
among the close to (350) putative oncogenes and tumor suppressor genes evident
candidates are found that on the basis of their sequence or known function would
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mark new signaling pathway not previously suspected to be involved in tumorigene-
sis. We analyzed the CIS for nearby genes that might contribute to tumorigenesis by
completely different mechanisms. In view of the increasing evidence of an important
role of changes in metabolism promoting of facilitating cancer development [6], we
scrutinized the dataset for candidates that might act in one of its pathways. Although
we cannot exclude that a small subset of the CIS actually targets new classes of puta-
tive oncogenes or tumor suppressor genes, we have not found clear evidence for this.
Rather, the insertions seem to mostly influence genes that are known to act in the
canonical cancer causing pathways. Time will tell whether some of the unknown
genes act in canonical cancer causing pathways or point to new pathways whose
role in tumorigenesis still has to be resolved. Possibly, transposon tagging leading
to epithelial tumors might point to new pathways that were not recognized in studies
focusing on lymphomas.

1.11 Conclusions and Recommendations

There is little doubt that insertional mutagenesis when conducted at a sufficiently
large scale can provide a wealth of information on new putative oncogenes, tumor
suppressor genes and other controlling elements present in genomes of higher organ-
isms. No doubt, sophisticated bioinformatics analysis of the datasets can bring
new important synergistic interactions between genes to light. The potency of the
approach can be summarized as follows:

i. Insertional mutagenesis has the potential to identify very large numbers of new
oncogenes, tumor suppressor genes including haploinsufficient tumor suppres-
sor genes, and other control elements present in the genome of mammals.

ii. Scrutinizing the spectrum of co-mutations and mutually exclusive insertions,
as well as the nature of mutations introduced within transcription units by CIS
clusters, can provide important information about the underlying mechanism of
tumor acceleration.

iii. Comparison of the “hits” with hit lists of other datasets, e.g., translocations,
amplifications and deletions, and mutations identified by sequencing of can-
cer genomes will provide an “easy” but nevertheless robust route to validate
components found in both datasets.

iv. In order to maximize the information from these datasets it will be critical to
put in place accessible ways to share the datasets. This requires guidelines, both
with regard to the quality of the datasets and the format in which the data are
made available to the scientific community. Detailed information, not only about
the statistical methods used to assign CIS status to a particular insertion cluster
but also availability and accessibility to complementary information collected
from those tumor samples, such as the marker profile of the tumors cells, and
their expression profiles, will become of crucial importance to maximize the
information.
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Chapter 2
Retroviral Insertional Mutagenesis in Mouse
Models of Leukemia and Lymphoma

David A. Largaespada

Abstract Leukemia and lymphoma are cancers derived from cellular elements of
the hematopoietic system. While they make up a minority of human cancer mor-
bidity and mortality, the study of these cancers has illuminated many important
aspects of cancer development and biology. In fact, the leukemias and lymphomas
are among the best-studied and well understood types of cancer from a genetic per-
spective. In part, this may derive from the fact that these types of cancer are highly
amenable to study using models in which mice are chronically infected with a retro-
virus so as to induce or accelerate the disease. In this chapter, I have briefly reviewed
the long and rich history of cancer studies using the murine leukemia viruses (MLV).
Special attention has been paid to the replication competent MLV that typically
cause cancer after a long latency and via insertional mutagenesis. This is followed
by a discussion of the limitations of these models and suggestions for future work.

2.1 Introduction to the Murine Leukemia Viruses

The Murine Leukemia Viruses (MLV) are members of a large, naturally occurring
group of type C gammaretroviruses that can infect rodents (reviewed in [22, 57]).
The MLV were discovered many decades ago by careful observations, indicating a
“filterable agent” could induce a malignancy of the lymphatic system in susceptible
mice. These experiments were strong early examples that a virus could cause cancer.
Like all retroviruses, the MLV carry an RNA genome that is reverse-transcribed into
a double stranded DNA copy called a provirus. The integrated provirus is inherited
by all daughter cells of the infected cell after cell division. The provirus serves as
the template for the production of the messenger RNAs (mRNAs), which encode
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the proteins required for virion production, and the viral RNA (vRNA) that will
be packaged into new viral particles produced by the infected cell. The MLV are
typically non-cytopathic viruses that do not result in lysis of virus producing cells.
This fact, combined with the effects of integration of the provirus, described in more
detail below, create the conditions that can lead to cancer development in infected
animals.

The MLV can be divided into subgroups. The reader is referred to other compre-
hensive reviews on the structure, genetics, and distribution of the MLV, and other
retroviruses [22]. Suffice it to say that early research showed MLV could be detected
by their ability to induce syncytia formation in a cell line called XC, or focus forma-
tion in a cell line called SC [22]. Super-infection interference is a phenomenon that
was observed when different isolates of MLV were used to infect the same cells in
series. The second infection was blocked because of receptor occupancy by retrovi-
ral envelope protein produced by the first infection. This phenomenon, and the cell
type tropism of the MLV, was used to show that these viruses could be placed into
groups based on common usage of a cell surface receptor. The xenotropic MLV can
infect non-rodent, but not rodent cells, despite the fact they exist in the genome of
some mice. The ecotropic MLV can infect rodent cells, but not most other cell types
including primate cells. The amphotropic MLV infect both rodent and primate cells.
In most leukemia or lymphoma induction experiments done in laboratory mice, the
ecotropic MLV are used. However, some of these studies have used amphotropic
MLV, particularly in studies on acute myeloid leukemia (AML) induction.

All three types of MLV share a similar overall genome organization, but they
have different envelope genes (env) that encode proteins, which use different cell
surface receptors to gain entry into cells. The MLV are enveloped viruses, mean-
ing they are surrounded by a lipid membrane bilayer derived from the infected
cell that produced the virion and studded with env protein required to infect target
cells. The env gene is expressed from a spliced mRNA, while the two other MLV
genes—gag and pol—are expressed from the same full-length RNA that also serves
as the genomic viral RNA (vRNA) destined to be packaged into new viral parti-
cles. Splicing between a splice donor (SD) and splice acceptor (SA) occurs with an
appropriate frequency to generate env protein for virion production, while removing
a special sequence called ψ, required to package the full-length vRNA into new viri-
ons. The gag gene encodes nucleocapsid proteins, while the pol gene encodes the
reverse transcriptase and integrase enzymes required to produce the proviral DNA
and integrate it into the genome of an infected host cell after viral infection.

The process of reverse transcription and integration of the proviral DNA is a
complex process reviewed elsewhere [74]. However, the integrated provirus consists
of the gag, pol, and env genes flanked by long terminal repeats (LTRs), which are
sub-divided into the unique 3′ (U3), repeat (R) and unique 5′ (U5) regions. The U3
contains the enhancer and promoter sequences required to initiate transcription of
the vRNA and spliced mRNA. The U5 region contains a polyadenylation signal.
The U3 and U5 sequences, as well as the SD and SA sequences, are important in
the process of insertional mutagenesis because they can alter the expression and
processing of endogenous RNAs.
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This review focuses on pressing issues related to the identification and study
of leukemia and lymphoma genes identified via insertional mutagenesis by MLV.
However, it is worth pointing out that replication-defective, partially deleted forms
of the MLV, and other retroviruses, have been discovered that carry processed forms
of endogenous proto-oncogenes. These viral oncogenes are found in acute trans-
forming retroviruses (reviewed in [40, 47]). The study of these acute transforming
retroviruses was pivotal in cancer research because they helped prove that cancer has
a genetic origin and helped in the identification of many important targets of muta-
tion in human cancer, such as the RAS oncogenes and MYC. The acute transforming
retroviruses can be distinguished from the replication competent, slow transforming
retroviruses, including many MLV, that are the subject of this review.

2.2 Viral and Host Determinants of Disease

Much prior research on the MLV was done to discover and map viral and host deter-
minants of disease induction by the MLV. These studies are less often performed
now, but were very critical from a practical standpoint because they taught lessons
about the mechanisms by which the MLV cause cancer in the first place. It is worth
pointing out that studies have allowed scientists to create new chimeric MLV useful
for studying particular types of leukemia (for example [77]).

The murine host strain can influence disease by restricting infection or replication
of the MLV. The best studied example is the Fv1 gene, which exists in laboratory
strains of mice in at least two different forms: Fv1b, which restricts infection by
b-ecotropic MLV; and Fv1n, which restricts infection by n-tropic MLV [3]. Thus,
most laboratory strains of mice carry one or the other allele and can be infected by
only one or the other type of ecotropic MLV. Beyond the effects of Fv1 and other
restriction factors, the host strain background interacts with the strain of MLV to
dictate the ultimate disease course. Thus, the same MLV can induce different dis-
eases in the different inbred strains of mice. These differences could reflect inherent
differences in susceptibility to various forms of leukemia in different inbred strains
of mice. For example, a typical b-ecotropic MLV causes acute myeloid leukemia in
BXH-2 strain mice [3, 25]. The susceptibility of BXH-2 strain to AML induction
in this model, rather than other forms of leukemia, has been tentatively traced to a
unique BXH-2-specific germline mutation in the Icsbp1 gene in this strain [62].

One often ignored host strain determinant of leukemia induction by MLV is the
development of other replication-competent viruses in the infected host via recom-
bination. It is common for mice that are chronically infected with an ecotropic
MLV to develop recombined MLV called mink cell focus forming (MCF) viruses
[57]. The MCF are generated by recombination events between ecotropic MLV and
vRNAs produced by endogenous MLV which lead to replacement of env gene and
LTR sequences. The MCF utilize a different cell surface receptor for infection than
do ecotropic MLV and can escape superinfection interference by ecotropic MLV.
The MCF may drive leukemogenesis by allowing more proviral insertion mutations
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to accumulate in pre-neoplastic clones. The details of the strain-specific effects of
some MLV are in general not known and useful models of MLV-driven leukemia
are generally found, or tested empirically, rather than being deliberately created.

Viral determinants of disease specificity have also been discovered. Often this has
been done by switching sequences and genes within one MLV, with those of another
MLV to determine what sequences determine disease specificity. The determinants
of leukemia specificity have often been shown to map to the LTRs [51] and within an
LTR, to the enhancer sequences in the U3 region [77]. These studies have suggested
that the ability of some MLV to specifically induce one type of leukemia, and not
another, may be due to the activity of the LTR. If an LTR promoter were especially
active in one cell type versus another, it is possible that viral spread within that
cell type would be greater, and that activating mutations would be more likely. The
MLV LTR is a major driver of gene activation in leukemia induction studies because
it can enhance transcription from endogenous promoters and drive chimeric RNAs
composed of viral and endogenous mRNA sequences. These events are common in
the activation of many endogenous genes by MLV insertion. It should be noted that
some mechanisms of MLV mutagenesis do not seem to require LTR activity. In some
cases, MLV insertions seems to alter the splicing and processing of an endogenous
mRNA encoded by genes that have suffered proviral insertions. These events can
decrease the expression of a tumor suppressor gene [35], or stabilize an oncogene
mRNA by replacing 3′ UTR sequences that contains destabilizing motifs [67, 69].
The viral determinants of MLV leukemia induction are in general not well enough
known to predict a priori what sequence alterations to the viral sequence should
be made to produce specific types of leukemia, let alone specific types of cancer
in mice. Since MLV, and other gamma retroviruses, can only efficiently infect cells
undergoing mitosis [43], there must be inherent limitations in the tissue tropism that
can be built into the MLV. Nevertheless, it would be highly desirable to generate
new recombinant MLV with useful properties, such as the ability to induce each of
the forms of leukemia and lymphoma that characterize human disease. For example,
among the eight or more French-American-British (FAB) subtypes of AML known
to occur in humans, not all can be induced in mice. It would be useful to have MLV-
induced models of M6 and M7 AML, but the alterations that might allow this are
not easy to predict. Despite these issues, there have been engineered MLV that can
induce a spectrum of leukemia not usually seen with the parental viruses and which
have other useful properties.

The MOL4070LTR virus is a chimeric MLV containing U3 LTR sequences from
the amphotropic MLV called 4070A and other sequences from the Moloney-MLV
[77]. The 4070A virus has been shown to induce AML in some strains of mice
[76]. However, this virus is restricted in the number of common laboratory strains
in which it can be used, as 4070A is an n-tropic MLV. Moloney-MLV is an nb-tropic
MLV and so can infect and replicate in mice that carry either the Fv1n or Fv1b alle-
les common to various laboratory strains [77]. However, Moloney-MLV induces
almost exclusively T cell leukemias in mice [20]. The MOL4070LTR virus has
the nb-tropism of Moloney MLV, which is determined in the gag gene sequences
[54], and the ability to induce AML in some strains of mice, from the 4070A
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parent virus, a trait apparently largely influenced by the U3 sequences [77]. This
virus has been shown to induce AML and ALL in various laboratory strains of
mice, such as FVB/n and 129/SvJ, and in various leukemia-susceptible transgenic
mice [6]. The MOL4070LTR virus thus seems to be generally useful for finding
cooperating mutations in AML and ALL using strains commonly used to make
transgenic mice. For example, this virus was used to find gene mutations that
could cooperate with expression of the NUP98-HOXD13 oncogene [59]. We have
used the MOL4070LTR virus to find gene mutations that could cooperate with
expression of the MLL-AF9 oncogene in AML and ALL development (unpublished
observations).

Others have replaced the enhancers within an MLV to alter its disease speci-
ficity. The PyF101 + Mo M-MuLV consists of a Moloney-MLV in which the viral
enhancers in the U3 region are replaced with those from the SV40 early promoter
[21]. This virus induces myeloid and T lymphoid leukemia in mice. These kinds
of experiments are perhaps hampered by our inability to fully predict what kind of
disease will result, and from the fact that the alterations that are made could impair
the ability of the virus to replicate. Despite these concerns, the example provided
by the PyF101 + Mo M-MuLV suggest that perhaps hematopoietic lineage-specific
enhancers could be included in the U3 region of a recombinant MLV to achieve spe-
cific leukemia phenotypes in mice. Transposable elements, such as Sleeping Beauty,
provide an alternative to this approach [60]. These are described in a different
chapter of this book.

2.3 Challenges in MLV Mutagenesis Studies

There are many challenges in MLV mutagenesis studies. Among the first to con-
sider, when starting a project, is the number of independent leukemia samples that
should be generated for study. As has been observed before, “quantity has a quality
all its own.” Unfortunately, experience has shown that more statistically signifi-
cant CIS and associated genes are discovered as more leukemias are studied, even
when one approaches and surpasses 100 individual leukemias. The large number of
leukemias required for identification of rare CIS—involved in <10% of cases, can be
cost prohibitive to generate. Our usual goal is to obtain 60+ mice of each experimen-
tal group expected to get leukemia. This number is based on having the precision
to detect any common insertion site present in 10% of the tumors balanced against
the cost and expense of generating and aging these cohorts. If we assume that each
mouse will develop a malignancy with on average one cloned insertion per tumor
the R statistical package (http://www.r-project.org) calculates the binomial proba-
bility of missing a common insertion site, with a 10% true insertion frequency, as
1.38% at this sample size. This is a conservative estimate, as usually many more
than one insertion per leukemia is recovered. As we have seen, not only are many
mice needed, but slow transforming retroviruses typically induce leukemia after 5
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or more months. It can often cost $20-30,000 just in mouse animal housing charges
for a project like this one—assuming it lasts 1 year.

One other complication of studies of this sort has to do with recovery of proviral
insertion sites. Many different approaches to accomplish this have been described in
the literature in the past. Methods based on the use of primers specific to the MLV
and which use the polymerase chain reaction (PCR) are currently preferred [37].
This issue is complicated by the fact that any MLV induced leukemia is actually a
collection of some number of related, but genetically distinct clones. Some insertion
mutations are present in only a subset of leukemia cells. The significance of these
sub-clonal insertion mutations is not entirely clear. Work by investigators, such as
Dr. Philip Tsichlis, clearly shows that new subclones with new growth-promoting
proviral insertion mutations can be identified in MLV induced leukemias as they
are passaged in vivo or in vitro [55]. Recently, ligation-mediated PCR (LM-PCR)
based methods for proviral or transposon insertion site recovery have been linked
to “single molecule” or “pyrosequencing” approaches, such as that made possible
by the Roche GS-FLX machine [60, 64]. Thus, hundreds of thousands of amplified
provirus/cellular genomic DNA junction PCR products can be sequenced, from 100
or more leukemias, en masse, without the need for cloning them beforehand. By
using bar-coded PCR primers for the secondary PCR in the LM-PCR reaction, it is
possible to determine, after sequence analysis, which insertions were derived from
which individual leukemia. A benefit of this approach is that the number of times
any one specific insertion sequence is read may be related to the clonal abundance
of that insertion mutation in the leukemia. So, two sorts of data are obtained: the
identity of all insertions and their relative abundance in the tumor clone. However,
for these data to be most meaningful, it is most desirable for the recovery of inser-
tion sites to be saturating. Therefore, we recommend that insertions are amplified
and sequenced from both ends of the integrated provirus and that multiple restriction
enzymes be used to generate the junction fragments that will be amplified. We refer
the reader to several methods articles for details on this kind of approach [34, 64,
80]. A few complicating issues bear mentioning, however. It is important to keep in
mind that when amplifying and sequencing proviral insertion sites the fact that they
are flanked by LTRs presents a special problem. One must introduce a restriction
enzyme digestion step to avoid recovery of internal proviral sequences downstream
of the 5′ LTR, when amplifying “right-hand” junction fragments downstream of the
3′LTR. Similarly, a restriction enzyme digestion step is introduced to avoid recovery
of internal proviral sequences upstream of the 3′ LTR, when amplifying “left-hand”
junction fragments upstream of the 5′LTR. We have developed methods for provi-
ral insertion site amplification using LM-PCR that rely on the use of blunt-ended
restriction enzymes, or sticky-ended restriction enzyme digestion followed by fill-
ing in the overhangs with Taq polymerase, thus generating products with a single
adenosine (A) overhang [80]. In each case, after generation of junction fragments,
they are then ligated to linkers and amplified using two rounds of PCR. In nearly
all of the techniques used to generate amplified LM-PCR products the linkers are
double-stranded and some provision is made to prevent PCR amplification of “linker
to linker” fragments and allow “linker to proviral LTR” PCR amplification. This
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is accomplished by using as a linker primer, a sequence that has no homologous
sequence to anneal to until and unless the LTR-specific primer has annealed to a
template junction fragment allowing the PCR polymerase to generate a product that
extends into the linker and generate sequence complementary to the linker-specific
primer. This can be done using two primers of unequal length to create a partially
double-stranded linker, in which the 3′ end of the shorter primer is blocked to pre-
vent the polymerase from using it to create a fully double-stranded primer during
the PCR reaction, which would cause the generation of many contaminating “linker
to linker” PCR products.

It is possible that if one shears leukemia genomic DNA, “blunt ends” all the
fragments using a polymerase, and then does LM-PCR using blunt-ended primers,
it may be possible to recover more insertion sites than using restriction enzymes
to generate fragments. Innovations such as this one will allow greater recovery of
all MLV proviral insertions that are present. In the future, it seems possible that
MLV mutagenesis studies would benefit from whole genome re-sequencing, once
sequencing technology becomes cheap enough to perform on a large number of
samples. Such data may reveal cooperating mutations not induced by MLV inser-
tions, but by other mechanisms such as translocations, point mutations or deletions.
In any case, very robust bioinformatics analysis of proviral insertion site sequenc-
ing results is required before determining what significant, recurrently occurring,
insertion site mutations have been discovered. It is important to remember that LM-
PCR may generate products from endogenous retroviruses. In some cases, these
are well known retroviruses as in the endogenous b-tropic MLV in BXH-2 strain
mice [80]. In other cases, they can be recognized because identical insertion sites
are amplified from multiple independent mice. In addition, the sequence analysis
algorithm must be designed to recognize bona fide MLV insertion sites by recog-
nition of LTR sequences downstream of the second LTR-specific primer, followed
by genomic sequence mapping with high confidence to one unique position in the
mouse genome. Once a non-redundant set of insertions is defined, the definition of
common sites of insertion (CIS) follows.

Several methods for determining which genomic loci have suffered a statistically
significant number of independent insertion mutations have been published [13, 78].
However, no clear consensus exists for the correct methods. It was assumed in the
past that MLV integration was a random process, not influenced by the genomic
architecture. This meant that Monte Carlo simulations could be performed using a
number of randomly selected genomic positions and calculating the expected frac-
tion of random or background CIS detected in different window sizes and these
were used to select cut-offs for significant CIS observed in actual data [39]. Other
approaches calculated CIS based on the assumption of a Poisson distribution of
insertion mutations in the genome [42]. However, more recent analyses show that
MLV insertion is not random and is heavily influenced by the presence of genes,
with insertions near the start site of gene transcription being preferred. Thus, a null
set of MLV insertions has been obtained which provides a different estimate of sta-
tistically significant CIS [78]. It has been estimated that up to 2/3rds of the CIS
defined in the Retroviral Tagged Cancer Genome Database [1] can be explained
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by the null hypothesis, that is, the lack of any selective pressure for their muta-
tion by MLV insertion [78]. It was recommended that CIS defined by four or fewer
insertion mutations be considered cautiously [78]. The problem of background false
positive CIS is compounded by the large data sets obtained using LM-PCR and high
throughput sequencing—resulting in definitions of CIS requiring large numbers of
insertions within small regions of the genome. Thus, CIS in tumor suppressor genes
that are very large and where insertions in various parts of the gene could disrupt
them might be missed. Similarly, if MLV can effect the transcription of a gene
at a long distance, CIS might be missed in a large dataset of insertions because
they are spread out over a large area. To correct for these problems, Dr. Wessels
and colleagues in the Netherlands have defined CIS using an entirely different and
sophisticated method [13]. In this method, an expected distribution, called a kernel
density estimate, of insertion mutation density was defined across the entire genome
based on permutations of all the data and which can be modified based on assump-
tions about any non-biased insertion preferences of MLV, such as the tendency to
insertion near transcription start sites of genes. This approach allows one to discover
CIS defined by a peak of insertions that exceed an alpha value for significance with-
out suffering from high false positive rates dues to large numbers of insertions. Since
the method is scalable to different intervals, significant CIS defining small or larger
intervals can be defined, which is important since it is possible that biologically
significant intervals vary depending on the genomic context of a given region. For
example, CIS could be defined in large tumor suppressor genes using this method
that might be missed if CIS over very large intervals are not sought.

These same researchers have gone on the apply this method for detection of
statistically significant pairs of common co-occurrence of insertions (CCIs), which
could define pairs of cooperating insertion mutations[12]. This method uses a two-
dimensional version of the kernel convolution density estimate method described
above. These authors defined 86 significant CCIs using published data, among
which were previously noted collaborating oncogenes discovered using MLV muta-
genesis, such as Hoxa9 with Meis1 and Myc with Pim1 [12]. This is among the
most exciting attributes of MLV mutagenesis studies, that is, the ability to detect
networks of cooperating oncogenes. Such cooperating oncogenes could reveal tar-
gets for therapy. For example, the cooperative relationship between Pim1 and Myc
could suggest that transformation by Myc oncogenes requires Pim1 kinase activity,
a prediction that was recently demonstrated experimentally [82]. Therefore, Pim1
kinase inhibition may be of therapeutic value in the many forms of human cancer
that have aberrant Myc activity. Attempts to define CCI are just the beginning of
more sophisticated network analyses that should be possible using data from MLV
mutagenesis studies.

It seems likely that a network of CCI relationships could be assembled by link-
ing all such associations detected in an MLV mutagenesis screen. Data published by
de Ridder et al. already establishes that Myc exists at a “node” having cooperative
relationships with several other oncogenes [12]. By linking all CCIs into a network
one might define complexes or signaling pathways. These authors have also sug-
gested that some genes associated with insertion mutations could be clustered into
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functional classes or pathways prior to analysis to determine if a gene interacts with
any of a member of a functional class or pathway. They detected a potential interac-
tion between Sox4 and any of a number of cyclin dependent kinase genes in this way
[12]. In the future, it would also be highly desirable to link these genetic data with
specific phenotypes such as the subtype of leukemia (e.g. lymphoid versus myeloid
leukemia), disease latency, and gene expression profiling.

We have started to develop methods for analysis of CIS-associated genes and
leukemia phenotypes. We find that reiterating Fisher’s Exact test can be used
to associate insertion mutations at specific loci and phenotypes such as surface
immunophenotype. Other analytical approaches should be developed to visualize
and analyze a systems network for MLV mutagenesis experiments. One complica-
tion of this kind of analysis, and CCI analyses, is that we usually assume that any
amplified and sequenced insertion mutation is present in all or nearly all cells of
the tumor mass. Thus, we assume that any two insertion mutations are present in
the same cell and could potentially be cooperating. Similarly, we assume that if a
leukemia clone expresses myeloid surface markers, those cells also harbor a particu-
lar insertion mutation that was amplified and sequenced from this sample. However,
the insertion mutation in question might have been present only in a rare subclone
that expresses lymphoid markers and is distantly or unrelated to the majority clone.
One method for getting around this problem is to introduce a specific mutation into
the germline of mice, as a transgene, and then using MLV mutagenesis to accelerate
disease. Then one can potentially identify insertion mutations more prevalent in the
transgenic cohort of leukemias compared to non-transgenic control leukemia pop-
ulations. Many such “sensitized” MLV mutagenesis screens have been performed
and are the most common type underway today.

Sensitized MLV mutagenesis screens were pioneered by Dr. Anton Berns at
the Netherlands Cancer Institute. He and his collaborators noticed that among
T cell leukemias induced by Moloney MLV certain insertion mutations tended to
be present within the same clones [4]. Notably, an association was seen between
activation of the Cmyc gene and the Pim1 kinase. Indeed, when MLV was used to
accelerate T cell leukemia in Cmyc overexpressing transgenic mice, the Pim1 gene
was a frequent target of MLV activation [68]. In a brilliant experiment, the MLV
infection was used to accelerate disease in Cmyc transgenic, Pim1–/– mice and the
resultant leukemias now had MLV insertion mutations in the related Pim2 gene [66].
This experiment revealed that it should be possible to use MLV mutagenesis to iso-
late genes that play a role downstream of another oncogene, or which can act in
a parallel pathway, much the way in which Drosophila genetics has been used to
define multiple members of a pathway important for some developmental process.

More recent sensitized MLV mutagenesis screens have utilized genetic back-
grounds of mice carrying alterations similar to known human leukemia-associated
mutations, such as tumor suppressor gene loss or expression of specific fusion
oncogene products. Several recurrent chromosomal translations create fusion onco-
protein genes in human myeloid leukemia. Some of these have been engineered into
mice using homologous recombination in mouse embryonic stem cells. Perhaps not
surprisingly, most of these fusion oncoproteins by themselves cannot produce rapid,
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highly penetrant leukemia in mice. Therefore, investigators have used MLV mutage-
nesis in attempts to define genes and pathways that can cooperate with expression of
these fusion genes. We have investigated genetic events that can cooperate with loss
of the Nf1 tumor suppressor gene in AML development using MLV mutagenesis.
The Myb and Bcl11a genes, among others, were found to cooperate with loss of the
Nf1 gene [79]. These experiments were done by backcrossing an Nf1 loss of func-
tion allele to BXH-2 strain mice, which develop spontaneous AML due to chronic
infection with a typical MLV that is passed from mother to offspring [33]. This is
a laborious process, and so alternative MLV have been sought for use in strains
of mice that are typically used to generate transgenic mice such as the FVB/n and
129/sv strains. For example, the amphotropic MLV, 4070A, has been used to acceler-
ate AML in mice expressing a CBFbeta-MYH11 transgene, which mimics the effect
of the inv(16) event in human AML [6]. Activation of the Plg1 and Plgl2 genes were
identified as cooperating genetic events, shown to be overexpressed in some human
AML, and capable of cooperating with CFBbeta-MYH11 in a mouse model [32].
The 4070A virus is unfortunately n-tropic and so not useful in the many laboratory
strains of mice that carry the Fv1b allele, such as C57BL/6 [76]. In addition, 4070A
can infect human cells and so safety issues are raised. Dr. Linda Wolff has created
a chimeric MLV retaining beneficial properties of Moloney and 4070A MLV [77].
This virus, called MOL4070LTR, can induce AML, like 4070A, or T cell ALL and
is nb-tropic, like Moloney MLV, and can therefore be used in most laboratory strains
of mice. We have used MOL4070LTR to investigate genetic events that cooperate
with a prototypical fusion oncogene involving the MLL gene, called MLL-AF9. The
MLL gene encodes a Trithorax-related chromatin protein that seems to be required
for expression of specific target genes such as some of the HOX genes [9]. While
some of the fusion oncogenes encode chimeric transcription factors whose activity
may be hard to target pharmacologically, it is possible that MLV mutagenesis will
uncover critical cooperating genetic events that can be targeted pharmacologically.
The same could be said for loss of tumor suppressor genes.

Recently, Berns and colleagues used MLV mutagenesis to investigate genetic
events that could cooperate with loss of p53 or p19Arf function in T cell leukemia
genesis [63]. This work is notable for several reasons. The first being that p53 and
p19Arf had often been assumed to suppress tumor formation by acting in the same
pathway only, and so one might expect identical cooperating events would be iden-
tified. However, different cooperating genetic events were found in the two groups.
The work also demonstrated the power of using very large numbers of leukemia
specimens, several hundred, and using high throughput amplification and sequenc-
ing methods to identify MLV insertion mutations. Certainly, greater numbers of
genes can be implicated on cancer development by doing so.

Other desirable sensitized, or context-specific, genetic screens can be envisioned
using MLV mutagenesis. Of course, the issue of multi-clonality described above
complicates all studies in which the tumor genotype (in this case specific inser-
tion mutations) is to be associated with specific phenotypes (e.g., gene expression
patterns, surface marker expression) or behaviors (e.g., response to chemotherapy).
However, this issue can be ameliorated in part by the study of very large data sets.
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Nevertheless, it would be ideal to unequivocally separate all genetically distinct
tumor clones prior to any type of analysis. This issue was reviewed recently by
Kool and Berns [30]. Methods to do this could involve creating permanent cell
lines from MLV-induced leukemias, passaging limited numbers of leukemia cells
in mice, or developing methods for analysis of insertions and gene expression pat-
terns from one or very few cells in a section of an MLV-induced leukemia. None
of these is a perfect solution to the problem, but some attempt should be made to
more reliably allow one to correlate leukemia phenotype with insertion mutation
genotype. MLV mutagenesis studies have been most often done in order to discover
new leukemia genes and pathways. In the future, it would be desirable to be able to
associate specific insertion mutations with specific clinically relevant traits, such as
chemotherapy resistance, disease aggressiveness or ability to synergize with specific
germline mutations or exposure histories. Several examples of work such as this are
described below.

Using MLV-accelerated, Nf1-deficient, primary AML samples, Lauchle et al.,
were able to select in vivo for AML cells resistant to a MEK inhibitor [36].
Interestingly, the authors were able to find MEK inhibitor resistant forms of the
primary AMLs that harbored insertions affecting Rasgrp1, Rasgrp4 and Mapk14.
The authors found that expression of the Rasgrp genes at high levels, or downregu-
lation of Mapk14, could induce MEK inhibitor resistance. Another group used MLV
mutagenesis to select for lymphoma cells with enhanced ability to invade and crawl
underneath a monolayer of fibroblasts in culture [23]. This led to the identifica-
tion of the Tiam1 gene, encoding a guanine nucleotide exchange factor (GEF) for
Rac GTPases, helping to establish a role for Rac proteins in cell migration and
tumor dispersal. Many similar studies should be undertaken. In general, models
of MLV-induced leukemia and lymphoma have been underutilized for treatment
studies using conventional chemotherapy or molecularly targeted therapies. Indeed,
mouse modeling of human cancer has been mostly limited to the study of cancer as
it might first present, but not as it exists in patients after responding to chemotherapy
and/or radiation. It will be very interesting to examine the evolution of a transformed
clone in response to selective pressure applied by therapeutic agents. Such studies
could allow the identification of resistance mechanisms and/or define the genetic
subtypes that will be most sensitive to a given treatment.

2.4 Comparative Oncogenomics

Once the screen for cancer-related genes has been undertaken using MLV mutage-
nesis and significant CIS-associated genes have been identified, many challenges
remain. Among the most challenging is interpreting the results of viral insertional
mutagenesis screens to determine what the results have to say about the process of
cancer development in humans. Insertional mutagenesis screens have led to the iden-
tification of genes that play important biological roles in the normal development of
target tissues. However, the prime motivation of these studies is the identification
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of novel human cancer genes and pathways. A second motivation, only recently
studied on a large scale, is the identification of specific patterns of concurrent gene
mutation. It can be challenging to achieve these goals because the corresponding
tumor type which should be examined in human patients is not always clear, based
only on the MLV-induced leukemias. Also, the MLV leukemias may not recapit-
ulate certain types of mutagenic alterations that are common in human leukemia.
For example, the Ras genes are not common targets of MLV insertional mutage-
nesis, but are frequently mutated by activating point mutations in specific codons
in human leukemias. It is possible that Ras genes are not identified at CIS because
Ras gene overexpression is not sufficient to induce a strong enough transforming
signal to be selected for in hematopoietic cells. However, the guanine nucleotide
exchange factors, such as Rasgrp1, are frequently targeted at CIS [16, 28, 37].
These GEFs activate Ras proteins downstream and can transform cells simply by
overexpression [16, 29, 53, 56]. So, in addition to considering the specific genes
associated with CIS, one must consider the pathways revealed by MLV insertional
mutagenesis screens. Nevertheless, certain examples in which CIS-associated tar-
get genes play a direct role in human leukemia as targets of mutation deserve
mention.

Several important transcription factors involved in leukemia development have
been identified at common sites of MLV integration. The Myc gene itself was
identified both as an acute transforming viral oncogene in an acute transforming
retrovirus from chicken and murine retroviruses and as a recurrent target of MLV
integration [70]. The Myb gene is a well known target of insertional mutagene-
sis in myeloid and lymphoid leukemia [28, 44, 76]. This transcription factor is
required for normal hematopoiesis [45], and was long thought to not play a direct
role in human leukemia. However, recent studies show that these conclusions were
premature as MYB is often amplified and overexpressed in human leukemia [8,
31, 46]. These studies show that even well known CIS associated genes should
be carefully examined for their potential role in human leukemia, in light of new
genome wide approaches for characterizing cancer genomes. A large public cata-
log of CIS-associated genes identified by MLV mutagenesis studies is maintained
by Dr. Keiko Agaki, now at the Ohio State University, which lists over 300 CIS
genes [1]. Although recent analyses suggest that many of these may not be statisti-
cally significant [13, 78] given the fact that MLV do not actually randomly integrate
into the genome, this list is still highly likely to contain many loci directly involved
in human leukemia via the acquisition of somatically acquired genetic or epige-
netic changes. For example, studies on the Evi2 CIS helped identify the human
gene for Neurofibromatosis Type 1 (NF1), a tumor suppressor gene that causes
cancer susceptibility when inherited in a mutant form [52]. The fact that human
HOX genes can be direct leukemia genes was made possible by studies of BXH-
2 strain MLV-induced AMLs [49, 50]. The HOX co-factor Meis1 was discovered
as a Hoxa9 cooperating AML oncogene in studies of the same strain. Hoxa and
Meis1 gene activity characterizes the large subset of human leukemias with MLL
gene rearrangements and the activity of these proteins seems to play a major role
in transformation by MLL fusion oncoproteins [2]. This finding was an important



2 Retroviral Leukemia Models 31

outcome of the MLV mutagenesis studies done in BXH-2 strain mice and subse-
quent validation studies.

Evidence that MLV screens can identify relevant pathways for human leukemia
has been obtained by large-scale comparative studies using gene expression profil-
ing of human leukemia genes also. Scientists at Erasmus University in Rotterdam,
The Netherlands, have compared CIS-associated genes with gene expression profil-
ing from human AML [18]. Their results show that genes near CIS from the RTCDG
database are very significantly enriched for those that are differentially expressed
among human AML subtypes, a feature not seen for genes farther away from CIS.
Therefore, the expression of these genes may underlie specific programs of leukemic
transformation, perhaps downstream of certain well-known fusion oncoproteins.
Their level of expression could also be determinants of the varying clinical behavior
of different cases of leukemia.

Much attention has recently been paid to the role of microRNA genes in human
cancer development. Not surprisingly, MLV mutagenesis has recently been shown
to activate miRNA genes in leukemia also [10, 59, 71]. It seems possible that MLV
mutagenesis could also pinpoint other types of encoded genomic information that,
when altered, could cause cancer. Such encoded information could include other
non-protein encoding RNA species or CIS regulatory elements. As more is learned
about the architecture of the genome, the results of CIS mutagenesis projects will
need to be re-evaluated.

2.5 Validation of Candidates

Perhaps one of the most difficult challenges faced by an investigator once a large
number of CIS-associated genes has been identified in an MLV mutagenesis study is
to decide which of these genes deserve further study. Two central questions come to
mind: Which of these genes can play a role in cellular transformation when altered?
And which of the genes, or pathways they act in, are directly involved in human
cancer development? The advent of human whole cancer genome re-sequencing,
methylation arrays, and extensive mRNA and miRNA expression profiling make it
possible to address the second question. However, the answer to the first question
remains a challenge for the field of cancer genomics in general.

Despite the seemingly daunting task of studying the function of hundreds of
genes in cultured cells, living mice, or other model organisms such as the zebrafish,
there are now examples that we can point to as evidence of the practicality of such
approaches. One method that is finding widespread utility in the study of cancer
genes in maintenance of transformation is based on the use of RNAi [11, 17, 73].
The set of CIS-associated genes identified in a screen can be tested for their role
in tumor cell maintenance using cultured leukemia cell lines. However, it is likely
that some genes recovered in MLV screens are tumor suppressor genes and would
thus not score in such an assay. So for this reason, the validation of some genes may
require that they be overexpressed from cDNA expression vectors in cell lines that
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are partially, but not fully, transformed. While this is conceptually straightforward,
the choice of such a cell line is not a simple matter. However, large scale projects
to produce useful cDNA vectors for all genes in the human and mouse genomes
are underway [48]. The projects will of course be very valuable assets in the goal
of validating cancer genes and placing them in known signaling pathways. In any
case, a role in transformation is not the same as a role in leukemia cell mainte-
nance. Moreover, the effects of knocking down expression of any one gene may
have a context dependent effect, and so the phenotype under examination may only
be revealed in cell lines that provide the appropriate context. Thus it would perhaps
be best to use cell lines derived from the MLV model from which the candidate gene
was identified. Finally, some oncogenes probably make a contribution to leukemia
development that is not easily revealed in a cell culture assay designed to measure
a decrease in cell proliferation or viability. Such phenotypes could have to do with
self-renewal, differentiation, interaction with non-tumor cells (i.e., other cells of the
immune system), or the response to endogenous growth factors which may not be
present in the cell culture system. For this reason, the closer the assay is to true
leukemia formation in vivo, the better.

The well known bone marrow transduction and transplantation (BMTT) assay
would seem to be ideally suited to validating candidate oncogenes from MLV muta-
genesis screens and indeed the assay has been proposed for this use [14], and used
by many for such a purpose [79]. However, the assay is technically demanding and
the generation of 100 or more high titer MLV based retroviral pools for a project
like this is not a simple matter. Even so, Dr. Scott Lowe’s lab has succeeded in using
pools of large numbers of retroviral shRNA vectors to screen for genes that, when
“knocked down” in p53-deficient hepatoblasts, can induce hepatocellular carcinoma
in mice [81]. This and other projects make it clear that retroviral transduction studies
are a useful method for validating cancer genes in vivo in mice.

Other approaches to validate candidate cancer genes in transgenic mice may be
more flexible and powerful. One creative method, developed by Dr. Pentao Liu,
involves cloning candidate oncogenes into transposon vectors in which the cDNA
can only be expressed after mobilization into an actively transcribed gene [61]. By
creating mice carrying many such vectors with a variety of oncogenes and mobiliz-
ing them tissue-specifically to induce tumors, one can determine which have been
activated by insertion into an active gene. This method has the advantage of allow-
ing sets of candidate oncogenes to be simultaneously tested in a variety of tissues
using a Cre/LoxP-regulated transposase transgene and allows for the possibility that
only a certain combination of oncogenes might collaborate to induce cancer. While
clever, this approach still requires the production of gene-trap cDNA vectors and a
transgenic line of mice. It is also still unclear how many different oncogene candi-
dates would be practical to include in a single transgenic mouse strain. In any case,
this technology is emblematic of the kind of new thinking that should be undertaken
in projects aimed at in vivo functional validation of oncogene candidates.

One approach is to use transposon-based methods of gene delivery, which use
transfected plasmids, rather than retroviral vectors. This approach has the advantage
that one need only produce plasmid expression vectors for each cDNA or shRNA
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to be tested. We, and others, have shown that the Sleeping Beauty transposon sys-
tem can be used to deliver of cDNAs and shRNAs to cause tumors in mice when
delivered along with a source of the Sleeping Beauty transposase [5, 27, 72]. While
these were solid tumors, recent data shows that it is possible to use Sleeping Beauty
to efficiently deliver expressed cDNAs to early hematopoietic precursors via elec-
troporation [41]. This approach has strong potential because cDNA delivery via
transposition also allows efficient co-delivery of multiple vectors to the same cell in
vivo, as has been demonstrated for glioma induced in mice [75].

2.6 Do Murine Retroviruses Cause Human Cancer?

Recent studies have indicated that a class of xenotropic murine retroviruses (XMRV)
are present in some human tissue samples [15, 65]. This virus is closely related to
the MLV. XMRV has been linked to both prostate cancer and chronic fatigue devel-
opment [38]. Interestingly, some reports suggest that XMRV infection is present in
prostate tumors, but only common in prostate tumors from patients with a polymor-
phism in the Rnasel gene, which seems to render them susceptible to viral infections
[65]. Controversy surrounds the question of how XMRV may contribute to prostate
cancer development. Some reports show that XMRV sequences are not common
in human prostate cancer samples [24] or lymphocytes from chronic fatigue syn-
drome patients [19]. Other reports suggest that the epithelial tumor cells themselves
are infected with XMRV and that among the insertion sites are genes with roles in
growth regulation [58]. It is therefore unclear whether XMRV infection might con-
tribute to prostate cancer development by an insertional mutagenesis mechanism.
If XMRV can contribute to human disease, the implications are profound and the
lessons learned from the study of MLV-induced leukemia and lymphoma in rodents
will be useful in interpreting the situation with XMRV.

2.7 Summary and Future Perspectives

The future of MLV mutagenesis studies promises to be very exciting. It should
involve selection for novel and more specific phenotypes. The history of Drosophila
genetics shows that screens for more specific phenotypes was the key to unravel-
ing specific and critical pathways in developmental processes. Although difficult to
design and implement, screens for such specific subtypes of leukemia, or leukemic
phenotypes, are the best way to generate the most useful lists of CIS-associated
genes. Insertion mutations that allow survival and expansion in a specific setting
would seem to offer the best chance to understand how the leukemia phenotype
evolves and is maintained. However, several problems must be addressed if MLV
mutagenesis is to achieve this goal. This includes the best definition of a significant
CIS and co-occurring CIS, methods to ensure saturation recovery of MLV insertion
mutations, and identification of the targeted gene(s) at each CIS. Moreover, methods
to deal with the clonal heterogeneity of MLV-induced leukemias, which complicates
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associations of genotype with phenotype, must be addressed. The best methods
for comparisons to human leukemia genome alterations must be sought. Finally,
new higher throughput methods for functional validation of CIS-associated genes
should be developed so that more candidates can be tested in a reasonable period
of time.
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Chapter 3
Gene Discovery by MMTV Mediated Insertional
Mutagenesis

Annabel Vendel-Zwaagstra and John Hilkens

3.1 Introduction

Transformation of a normal cell into a cancer cell requires sequential accumula-
tion of several genetic changes that affect various collaborating signaling cascades
mainly involved in cell proliferation, survival and development [46]. To develop
novel specific therapeutic compounds for cancer treatment, identification of these
cancer causing genes, and subsequently the oncogenic pathways in which these
genes act, is of utmost importance. Although a great deal of insight in the cellu-
lar mechanisms that lead to cancer has been obtained, many key players are still
unidentified. Retroviral insertional mutagenesis (IM) screens provide one of the
most efficient tools to identify genes involved in tumorigenesis and from there the
specific oncogenic pathways involved. Retroviruses integrate their proviral DNA
into the host genome as part of their replication cycle. Integration of the provirus
in the genomic DNA of the host cell can lead to inappropriate activation of flank-
ing genes or other mutational events that can cause oncogenic transformation of
the infected cells. The genes affected by the inserted provirus can be predicted
by determining the chromosomal localization of the proviral DNA (reviewed by
[51, 62, 145, 147]. Although insertional mutagenesis is less suitable to trace tumor
suppressor genes, it is particularly suited for the discovery of oncogenes.

In the western world, breast cancer is the most prevailing cancer among women.
In some countries, one in eight women may contract this disease and approximately
25% will die from it [59]. Several genes have been shown to be involved in human
breast cancer, including ERBB2/Neu/Her2, ERBB1/EGFR, PIK3CA, MYC, CCND1,
P53, PTEN, CDH1, RB1, CDKN2A(p14), BRCA1 and BRCA2 (selected from the
Cancer Gene Census and Catalogue of Somatic Mutations in Cancer (COSMIC)
databases). To identify other important genes involved in human breast cancer
development in a systematic way, a detour to mouse models for breast cancer is
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often being made. Although the frequency of specific tumor subtypes and spe-
cific oncogenes involved may vary considerably in mouse and man, most of the
known oncogenic pathways leading to tumors in mice also contribute to oncogene-
sis in man. Despite the potential difficulties to determine the relevance of the results
obtained in mouse models for human cancer, mouse models provide the best avail-
able experimental tools to discover genetic pathways altered in breast cancer. The
relevance IM for human tumorigenesis can be further enhanced by performing IM in
mouse models in which activated known (human) oncogenes are introduced or cer-
tain tumor suppressor genes are inactivated. Depending on the oncogene or tumor
suppressor gene, tumor type and subtypes that develop in these mice mimic to a
very high degree those occurring in humans [31, 63].

To discover novel oncogenes in mouse mammary tumors by insertional muta-
genesis Mouse Mammary Tumor Virus (MMTV) is still frequently used [12, 51,
81, 144], although the use of the recently developed gene tagging technology by
transposons could be used as well [20] and Chapter 5. Already more than 25 years
ago, the first genes affected by MMTV proviral insertions in mouse mammary
tumors were discovered by using very laborious technologies, such as genomic
library screening, and Southern blotting. Mainly the more frequently tagged genes
were found, almost all belonging to the Wnt and Fgf family. In some strains
members of the Notch gene family were also reported as frequent MMTV targets
(Table 3.1). Today, the availability of the draft sequence of the mouse genome and
high-throughput PCR and parallel sequencing technologies have greatly facilitated
the search for proviral integration sites and subsequent identification of retrovirally-
activated oncogenes [144]. New sequencing platforms and improved bioinformatics
tools will further facilitate high-throughput IM screenings and prediction of MMTV
target genes [22]. Moreover, MMTV insertional mutagenesis screens in genetically
modified mouse models will identify genes and pathways that collaborate with
known cancer genes relevant for human breast cancer [25, 77, 82].

In this chapter, we will first briefly describe some essential features of the
biology of the mammary gland, next describe some characteristics of MMTV, in
particular properties that are relevant for insertional mutagenesis, followed by a
short discussion of MMTV-induced cancers. Subsequently, we will summarize the

Table 3.1 MMTV target genes identified before the genome era

MMTV target gene References

Wnt1 (int-1) [110]
Wnt3 (int-4) [126]
Wnt10b [77]
Fgf3 (int-2) [113]
Fgf4 [114]
Fgf8 [82]
Notch1 [25]
Notch4 (int-3) [35]
eIF3 p48 subunit (int-6) [84]
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MMTV-IM screens performed so far, highlight the major target genes and the path-
ways activated. Finally, we will focus on the relevance of these target genes and the
corresponding pathways for human breast cancer.

3.1.1 Mouse Mammary Gland Biology

The mouse mammary gland is a dynamic organ that after embryonic development
undergoes several developmental changes during, puberty, pregnancy, lactation and
involution. At embryonic day 11–11.5 five pairs of lens-shaped mammary placodes
are formed in the ventral ectoderm in response to signals from the underlying mes-
enchyme. At day 12.5 the placodal epithelial cells migrate into the dense mammary
mesenchyme and form small epithelial buds that slowly increase in size. Wnt and
Fgf signalling plays an important role at these stages [18, 156]. At day 15.5 a mam-
mary sprout grows from each placode into the mammary fat pad. By day 16 the
sprouts start to branch and a lumen develops. At birth the female mammary gland is
composed of a rudimentary ductal tree consisting of the primary duct and 15–20 sec-
ondary branches. In response to ovarian steroid hormones during puberty (mainly
estrogen) this rudimentary ductal system elongates through proliferation of cap cells
in the terminal end buds located at the tips. The elongating ducts bifurcate a few
times, which leads to a ductal tree of primary and secondary ducts that fills the entire
mammary fat pad. During the recurrent estrous cycles and during pregnancy, lateral
buds, also called alveolar buds, form from quiescent cells in the secondary ducts.
The lateral buds contain stem cells with the capacity to form either ductal or lumi-
nal alveolar cell types. Pregnancy hormones activate rapid proliferation of stem cell
populations in the lateral buds and induce an extensive network of tertiary branches
that differentiate into secretory alveoli that produce milk that is secreted into the
ductal lumens during lactation. Following weaning, massive apoptosis of the lobu-
lar alveolar cells takes place resulting in regression of the alveolar structures while
stem cells in the alveolar buds await another round of growth and differentiation dur-
ing subsequent pregnancies [122, 160]. The adult mammary gland is comprised of
three cell lineages: myoepithelial cells forming the basal layer of ducts and alveoli,
ductal epithelial cells lining the lumen of the ducts, and alveolar epithelial cells that
produce the milk proteins and fat during lactation. To generate the entire mammary
gland during the next pregnancy, stem cells in the alveolar buds have the capacity of
self-renewal and the ability to generate again the three cell lineages that comprise
the lactating mammary gland.

3.1.2 Mouse Mammary Tumor Virus

MMTV belongs to the family of Betaretroviridae (B-type retroviruses), which are
retroviruses with a distinct morphology such as an eccentric positioned nucleus.
Intracytoplasmic A-particles found in MMTV producing cells are the immature,
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Fig. 3.1 Electron
micrographs of different
stages of MMTV
maturation. (a) shows a
A-particle (left), which is an
intracellular immature form
of MMTV, and a B-particle
(right) which is the mature
virion. Note the eccentric
core of the B-particle,
whereas the A-particle does
not have a defined core and
does not contain a lipid
envelope. (b) shows a
budding virion. The virion is
enclosed by the plasma
membrane and the core
proteins have not matured (H.
Jansen and Dr J. Calafat, NKI
Amsterdam)

non-enveloped, intracellular precursors of the mature virion (B-particle) (Fig. 3.1).
MMTV is a slow transforming retrovirus mainly causing mammary tumors with a
latency of 6–12 months. The virus was initially described as an active milk factor
that plays an important role in the development of mouse mammary tumors [9].
Besides the exogenous form, which is transmitted through the milk of infected mice
from mother to offspring, MMTV can also be transmitted endogenously through
stably integrated proviral copies in the germ line. In addition to the mode of
transmission and the tropism, regulation of expression of the virus by pregnancy
hormones is another important difference between MMTV and other retroviruses
[45].

Active infectious mammary tumor virus has only been unequivocally identified in
mice. Although sequences related to MMTV (e.g. HERV-K sequences) are present
in the human genome and expression of MMTV env gene-like sequences have been
reported in human breast carcinomas [158, 159], neither an etiological relationship
between expression of these sequences and breast cancer nor infectious human MTV
particles have been found [6,83]. Also the reported serologic relationships between
MMTV and proteins present in human breast cancer cells are highly controversial
[38].

In the next paragraphs, we will describe the most important features of MMTV,
in particular those that discriminate MMTV from other retroviruses and properties
that are relevant for insertional mutagenesis.
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3.1.3 Viral Genes and Genomic Organization

The MMTV virion contains two identical single-stranded, non-covalently linked
RNA molecules of 8620 nucleotides (nt) [102]. The genomic RNA encodes the
Gag, Dut/Pro, Pol/In, and Env genes and at least two accessory genes, Sag and
Rem (Fig. 3.2). The 5′ end of the genomic RNA contains a 110 nt unique region
(U5) and the 3′ end a 1197 nt unique region (U3). Both of these unique regions
are respectively preceded and followed by short a direct repeat, R (Fig. 3.2). The R
region of MMTV 15 nt and is the smallest reported for known retroviruses, whereas

Fig. 3.2 Genomic structure and transcription of MMTV. MMTV proteins are encoded on a
polycystronic RNA. The upper part of the figure shows the structure of the genomic RNA and
the genomic location of the viral gene products. The localization of the R, U3 and U5 regions are
indicated on the genomic RNA and the provirus. The entire genomic RNA is 8620 nt. The R region
is a 15 nt direct repeat present at the 5′ and 3′ ends of the genomic RNA. The U3 region is ∼1200
nt and contains enhancer and promoter sequences but also encodes most of the Sag gene. The U5
region is 110 nt and contains no known protein information. Reversed transcription (RT) activity
produces a double stranded DNA molecule, the provirus, in which the U3 and U5 regions are
joined and located at both ends of the proviral DNA. Subsequently, the integrase activity catalyses
integration of the provirus in the genomic host DNA, as shown in the middle part. The lower part of
the figure depicts various mRNA products transcribed from the provirus. Except the predominant
Sag mRNA, that is produced from an intragenic promoter within the env gene all mRNAs are
transcribed from the same start site in the 5′ LTR. As indicated, several viral proteins share part of
their coding regions; this is further outlined in the text. Introns are depicted by v-shaped dotted lines
and exons by solid lines. SD: splice donor site; SA: splice acceptor site; RT: reversed transcription.
The figure is based on Mertz and colleagues [91] and references cited in the text
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the MMTV U3 region is relatively long as compared to other retroviruses. As in
other retroviruses, the U3 region contains most elements that regulate transcription
of the viral genes. Upon reversed transcription, the long terminal repeats (LTR)
are formed at the 5′ and 3′ end of the provirus. The LTR is composed of the R,
U3 and U5 regions that are joined as a consequence of the position of the reverse
transcriptase primer binding site in the viral RNA and the template switches during
proviral DNA synthesis (Fig. 3.2) (for details see [142]).

Figure 3.1 depicts the map of the MMTV proviral DNA and the genes it encodes.
The Gag gene encodes a polypeptide that is proteolytically processed into the viral
core proteins. Dut encodes a deoxyuridine triphosphatase (dUTPase). The dUTPase
decreases the dUTP pool in the infected cell and thus prevents incorporation of
dUTP into DNA during reverse transcription. Pro is a protease required for pro-
cessing of some of the viral polypeptide precursors. Pol and In encode the reverse
transcriptase (RT) and integrase genes respectively. The RT also has RNase H activ-
ity, which degrades the RNA strand in the newly synthesized RNA-DNA hybrid
intermediates. The integrase catalyses the insertion of proviral DNA into the host
DNA (reviewed by [11]). Env directs the synthesis of a 73 kDa glycosylated pre-
cursor protein, which is proteolytically cleaved by cellular furin proteases into the
surface gp52 and transmembrane gp36 proteins. Rem (regulator of export) is a
recently identified gene that encodes a protein that facilitates the export of unspliced
viral mRNAs. Rem-like genes are also found in complex retrovirusses, like Rev
in HIV [91] but not in simple retroviruses like Murine Leukemia Virus (MuLV).
The Sag (superantigen) gene is transcribed from the U3 region in the 3′ LTR. The
gene is unique for MMTV and essential for its normal live cycle. The existence
of yet another accessory protein, Naf (negative-acting factor), encoded by the U3
open reading frame has been reported [130]. This protein may negatively affect
expression of certain cellular genes, but it is yet poorly characterized and not further
discussed here. The other genes will be discussed in more detail below.

3.1.4 Transcription and Translation of the Viral Genes

After insertion into the host DNA, various viral mRNAs are synthesized as depicted
in Fig. 3.2. The main product is genome-size mRNA that starts at the U3/R junction
and continues into the 3′ LTR where the R/U5 junction contains the polyadenylation
site. Part of this RNA is incorporated into new virions, while the remaining part
is used for translation of the Gag, Dut/Pro, Pol/In genes. These genes overlap in
different reading frames leading to the Gag, Gag-Dut/Pro and Gag-Dut/Pro-Pol/In
polypeptide precursors. The translation of the Gag-Dut/Pro precursor requires a
ribosomal frame shift near the Gag translational stop codon, while expression of
the Gag-Dut/Pro-Pol/In precursor polypeptide requires a double frame shift near
the Pro-Pol junction [102]. The double frame shift needed to translate the latter pre-
cursor is rather unique for MMTV and is not required for most other retroviruses.
These subsequent ribosomal frame shifts are carried out with low efficiency and
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provide a mechanism to reduce the ratio between the more 3′ located enzymatic
active proteins that are required in minor amounts and the structural Gag proteins
that are needed in much larger quantities. The 5′ end of Dut overlaps with the 3′ end
of the Gag sequence, while both full length gene products are present in the Gag-
Dut/Pro precursor (Fig. 3.2). Dut is a transframe protein that arises from a ribosomal
frameshift at the Gag-Dut/Pro junction [72]. Also, the RT enzyme is a transframe
protein containing at its N-terminus sequences from the C-terminus of Pro [29]. The
various polypeptide precursors that arise from this complex mode of translation are
subsequently proteolytically processed to release the active proteins.

The Env encoding mRNA also starts from the transcription start site at the U3/R
boundary in the 5′ LTR but the Gag-Dut/Pro-Pol/In genes are spliced out using the
5′ splice donor (SD) and the first downstream splice acceptor (SA) site (Fig. 3.1).
The Sag gene is translated from two spliced mRNAs. A minor Sag RNA species
also starts from the standard transcription start site in the 5′ LTR, extends until the
first SD site and continues from the second SA site into the U3 region of the 3′
LTR. The predominant Sag transcript starts from a transcription start site within
the Env gene as depicted in Fig. 3.2 [106] As a consequence of the location of the
transcription start sites of both Sag mRNAs, Sag can only be transcribed from the
3′ LTR in the provirus [17]. Sag transcription is driven by lymphoid lineage specific
promoter elements within the Env and Pol genes [121] and thus expression is limited
to lymphoid cells. Rem is produced from a double spliced mRNA, which partially
overlaps in frame with the 5′ and 3′ ends of the Env genes, and the 5′ end of the Sag
gene [91].

3.1.5 Virion Structure and Assembly

Dimeric viral genomic RNA is encapsulated by unprocessed Gag, Gag-Dut/Pro and
Gag-Dut/Pro-Pol/In polypeptides to form a spherical core. This cytoplasmic RNA-
protein core is termed intracytoplasmic A particle, which is an immature B-particle
[136]. The viral core in turn is surrounded during the budding process by a plasma
membrane domain enriched in Env glycoproteins (see below). Subsequently, the
Gag containing precursors are proteolytically processed by Pro in at least six nong-
lycosylated proteins including the matrix, capsid and nucleocapsid proteins. The
latter component directly interacts with the viral RNA. The Gag derived proteins,
which are highly overrepresented relative to the proteins with enzymatic activity
form the actual structural components of the core in which the enzymes are also
included. The processing of the precursors into the respective functional proteins
occurs in a very ordered fashion and is intimately linked to virion assembly, budding
and maturation (reviewed by Vogt [157]). Processing of the Gag proteins results in
a mature virion with an eccentric core (Fig. 3.1).

Env encoded peripheral membrane protein gp52 and transmembrane protein
gp36 form a stable complex that is incorporated in the plasma membrane and may
accumulate in certain membrane domains. Subsequently, the cytoplasmic domain
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of gp36 interacts with the N-terminally located future matrix protein in the unpro-
cessed Gag polypetide of the intracytoplasmic A particle. Trimers of the gp52–gp36
heterodimer form the characteristic surface knobs of MMTV. Gp52 binds to the
MMTV receptor on the cell surface during infection. A more detailed description of
the viral gene expression and processing of these gene products is provided by Vogt
et al. [157].

3.1.6 Infectious Life Cycle

The infectious life cycle of MMTV contains several features that are unique among
retroviruses. Most remarkably, the virus exploits the cellular host immune system
to ultimately infect mammary epithelial cells. MMTV virions ingested via the milk
by new born mice travel through the intestinal wall and infect first dendritic cells
(DCs) and subsequently B and T cells in the gut wall and Peyer’s patches [21, 48].
Infection takes place upon binding of the envelope gp52/gp36 complex to the mouse
transferrin receptor on the surface of the host cells [52, 129]. Subsequently, the viral
lipid bilayer and host cell membrane fuse, delivering the core of the virus into the
cytoplasm of the host cell. At this point, the RNA is reverse transcribed by the viral
RT (included in the viral core), resulting in a double stranded DNA molecule with
at each end identical long terminal repeat (LTR) regions as outlined above. This
full length proviral DNA translocates to the nucleus where it integrates essentially
randomly into the genome, catalyzed by the viral integrase. Next, cellular RNA
polymerase II synthesizes the viral genomic RNA and various spliced messenger
RNAs as discussed above and depicted in Fig. 3.2.

Unique for MMTV is the crucial role of the Sag gene during the early stages of
infection of new born mice. In the infected professional antigen presenting cells,
DCs and B cells, the Sag gene is expressed at the cell surface in association with the
Major Histocompatibility Complex (MHC) class II proteins. The Sag-MHC com-
plex strongly interacts with T cell receptors on CD4 positive T cells that contain
particular Vβ chains and provokes a superantigen response that strongly stimulates
the proliferation of the Sag-reactive T cells (reviewed by [1]). Cytokines released by
the activated T cells in turn drive the expansion of the MMTV infected B cell pop-
ulation [49]. During this process, T cells are also infected and some of the infected
B cells mature into long-lived memory cells. In this way, a reservoir of MMTV
infected B and T cells is generated in suckling mice that can transport the virus to
all parts of the body during a longer time period. This is an indispensable step for
efficient infection of mammary epithelial cells since the virus cannot infect the rest-
ing, non-differentiated mammary epithelial cells until these cells start to proliferate
at puberty. At that point, the infected circulating lymphocytes in the mammary gland
will infect the expanding mammary epithelial cells [39]. As a consequence, MMTV
cannot effectively infect DC or B cell deficient mice or mice that lack Sag specific T
cells [21, 39]. Infection of mammary epithelial cells proceeds essentially the same
as infection of cells in the hematopoietic lineage, except that Sag plays no role and
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expression of the viral proteins is largely hormonally regulated. As a consequence,
after initial infection of mammary cells, the virus will remain largely repressed in
the mammary gland until pregnancy and lactation when pregnancy hormones stimu-
late viral protein expression. This allows infectious virions to further spread through
the mammary epithelium, thus allowing the virus to be subsequently secreted into
the milk.

3.1.7 Tissue Specificity and Hormonal Regulation of MMTV
Replication

The mammary gland is the predominant site of MMTV replication and consequently
the main site of MMTV induced malignant transformation. Since the cellular recep-
tor for MMTV binding and entry into the cell is the transferrin receptor, which is
ubiquitously expressed on growing cells, the receptor is unlikely to determine the
tropism of the virus. Indeed, in MMTV infected animals, viral proteins are also
expressed at relatively low levels and in a strain dependent fashion in epithelial
cells in a variety of other tissues such as salivary glands, kidneys, lungs, sem-
inal vesicles, prostate, testes and in some lymphoid tissues [50, 58]. However,
high expression levels are only found in the mammary epithelial cells. Current
evidence indicates that mammary specific expression and replication of MMTV
is primarily controlled at the transcriptional level. Composite enhancer elements
that contribute to mammary cell-restricted expression have been mapped to the 5′
proximal end of the U3 region [41, 42, 168]. Negative regulatory elements (NREs)
at the 3′ proximal end of the U3 region are involved in MMTV suppression in
non-epithelial tissues including lymphoid cells [100, 128]. Both regions strongly
determine the mammary gland specificity of MMTV. MMTV expression in the
mammary gland is most abundant during pregnancy and lactation. Along with other
factors, this is regulated by the homeodomain containing repressor protein (CDP)
that binds to multiple sites in the NRE. The CDP protein is highly expressed in
undifferentiated cells, but its expression is absent in differentiated cells, including
those in the lactating mammary gland [170]. In addition, Stat5a and Stat5b, which
are prolactin-inducible transcription factors, bind to the U3 domain and stimulate
MMTV expression during lactation [117]. CDP and Stat5a/Stat5b act in concert
to limit MMTV expression to the lactation period when the virus needs to be
transmitted.

Viral gene expression is strongly dependent on steroid hormones [155] In particu-
lar, glucorticoids and progesterone strongly enhance the expression of viral proteins
and replication of the virus in the mammary gland [15, 112, 124]. Without these
hormones, the strength of the MMTV-LTR promoter is attenuated. As a conse-
quence, MMTV infected ovariectomized mice rarely develop tumors. The steroid
hormone dependent viral gene expression is caused by hormone response elements
(HRE) located just upstream of the transcription start site within the U3 region of
the LTR [15, 57, 131], and reviewed in by Gunzburg et al. [45]. The HRE contains at
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least four overlapping recognition sites to which both activated glucocorticoid and
progestin receptors can bind [16]. The transcriptional repressor CDP also binds to
sites overlapping with and adjacent to the steroid binding elements. This allows
CDP to compete with steroid hormone binding, and thus further contributes to
the pregnancy and lactation dependent expression [170]. In addition to the regu-
latory domains discussed above, several more regulatory domains within the LTR
have been identified that contribute to viral protein expression regulation [100].
Moreover, the transcriptional activity of the genomic region where the proviral DNA
integrates may also control MMTV expression and replication.

The pregnancy dependent regenerative cycles of the mammary gland is another
factor that may influence MMTV replication, and consequently, MMTV induced
tumorigenicity in the mammary gland as compared to other infected tissues such as
the salivary gland. Although the mammary gland cellularity increases about 30-fold
during each pregnancy, most cells die during involution of the gland after lactation
ends. This suggests that mammary stem cells or lineage progenitors that persist
after involution are the (oncogenic) targets of MMTV [73], since expansion of the
mammary gland from these cells during subsequent pregnancies coincides with a
strong increase of MMTV positive cells. However, the tumors induced by different
virus strains can vary in hormone dependence (see below). Therefore, these MMTV
strains may infect or replicate in different types of progenitor cells.

3.1.8 Exogenous MMTV

All mouse strains with a high-incidence of mammary tumors horizontally trans-
mit infectious MMTV via milk to their offspring. These viruses are designated
exogenous MMTV variants. Replication competent MMTV can also be verti-
cally transmitted when a provirus stably integrates in cells of the germline. The
first MMTV variants are exclusively transmitted via milk and were derived from
mouse strains with a high mammary tumor incidence. These exogenous viruses
are carried among others by the A, DBA, C3H, BR6, RIII and CzechII strains.
The exogenous MMTV variants from these mouse strains are highly virulent, and
thus most relevant for insertional mutagenesis. However, the exogenous MMTV
variants are often lost in the present day germ-free maintained mouse strains as
a result of foster-nursing on non-virus carriers. MMTV from the various mouse
strains does not necessarily induce the same type of tumors. As will be discussed
below, some MMTV strains induce hormone dependent tumors, while other virus
strains mainly induce hormone independent tumors. Conversely, the same virus may
induce different histological types of tumors in different mouse strains. For exam-
ple, C3H-MMTV causes an approximately equal percentage of low grade acinar
carcinomas (Dunn type A tumors) and low grade solid carcinomas (Dunn type B
tumors) in C3H mice, while in BALB/c mice it induces almost exclusively carcino-
mas of the acinar type that have a relatively high propensity to metastasize to the
lung [150].
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3.1.9 Endogenous MMTV

Pups of high mammary tumor incidence strains (e.g., C3H) can be foster-nursed
on mice without the milk factor. These “virus free” animals still develop mam-
mary tumors, albeit with a longer latency and lower incidence, due to activation
of endogenous proviral MMTV copies. Also, the tumors arising in low incidence
strains (e.g., BALB/c) are also thought to be caused by activation of replication
competent endogenous MMTV copies. In fact, the genome of almost all inbred
mouse strains harbors multiple copies of endogenous MMTV proviruses, mostly
replication defective, epigenetically silenced or inserted into transcriptionally inac-
tive chromatin regions. The number of MMTV proviral copies varies per strain,
ranging from none to as many as twenty independent proviral insertions. These
proviral copies result from the occasional infection of germline cells and are present
in all somatic cells of offspring that develop from these infected gametes. If not
inactivated, the endogenous provirus will produce infectious virus. For example,
the endogenous C3H virus responsible for the late mammary tumors referred to
above, is encoded by a gene designated Mtv1 on chromosome 7 [153]. GR mice
carry five endogenous MMTV copies, of which one (Mtv2) is active and responsi-
ble for the high incidence of early mammary tumors in this strain. As a consequence,
foster-nursing GR pups on a dame without milk-transmitted virus does not decrease
the tumor incidence [154]. Moreover, the MMTV variant expressed by Mtv2 can
also be transmitted horizontally via the milk from a GR female to another strain,
and subsequently propagated as an exogenous virus. In contrast to Mtv1 and Mtv2,
most other Mtv genes are partially or completely inactive [109]. A typical exam-
ple of the latter gene is Mtv8, which is present in almost all inbred mouse strains.
Other endogenous Mtv genes apparently have been incorporated in the germline
only recently, and are thus unique to specific strains. The CzechII mouse strain
is rather exceptional in that it harbors no endogenous MMTV copies [35], which
has facilitated insertional mutagenesis screens in these mice using exogenous
virus.

3.1.10 MMTV-Induced Tumors

MMTV-infected mice usually develop mammary tumors at a relatively young age
and at high frequency. Tumor incidence and latency depends on the efficiency of
viral infection and replication in the different mouse strains rather than on tumori-
genesis itself [127]. Some strains, such as the C57Bl/6, are rather resistant to MMTV
infection and tumor induction. Resistance can be due to the inability of MHC class
II genes to present SAG, a crucial step required for infection. In some strains
endogenous Mtv genes produce SAG protein that is autoreactive with the same
Vβ T cell receptor chains as the infecting virus, and thus have deleted the respon-
sive T cells that are required to establish a productive infection with exogenous
MMTV [127].
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In wild type mice, MMTV mainly induces two types of mammary tumors: low
grade acinar carcinoma and low grade solid tumors (previously indicated as Dunn
type A and B respectively) or mixtures of these histotypes, depending on the mouse
strain [14]. These tumors are often considered as rather benign. However, the fre-
quency of lung metastases in mammary tumor-bearing BALB/c mice that acquired
the C3H MMTV by foster nursing (BALB/cfC3H) was reported to be 63 and 16%
in BALB/cfRIII females [138]. In our own studies, we found that approximately one
third of the BALB/cfC3H mammary tumor-bearing mice had developed lung metas-
tases at the time the primary tumor had reached ∼1 cm3 (J. Hilkens and M. Boer,
unpublished results).

In some strains, MMTV initially induces premalignant mammary lesions and
tumors that are pregnancy hormone dependent, while in other strains all MMTV
induced palpable tumors are hormone independent. In the next paragraphs, we
will briefly review the biology of MMTV induced tumors including hormone
dependence.

3.1.11 MMTV Induced Hormone Dependent Premalignant Lesions

Mammary tumors in the mouse usually develop through premalignant hyperplas-
tic lesions. The most frequent hyperplastic lesions in the mouse are hyperplastic
alveolar nodules (HANs) and ductal hyperplasia’s (designated plaques). HANs
are commonly found in all high-incidence mammary tumor strains and are focal
proliferations from lobuloalveolar mammary epithelium [23, 89]. HANs contain
immortalized cells that can be propagated by serial transplantations in mammary
fat pads cleared from normal epithelium [87]. At onset, HANs are hormone depen-
dent but when palpable, HANs have usually become hormone independent. Plaques
are ductal hyperplasia’s that initially regress after each parturition but reappear at the
same site in subsequent pregnancies. However, after several parities, regression of
these nodules is less complete and they eventually progress to pregnancy indepen-
dent tumors [139, 154]. Plaques are commonly present in high-incidence MMTV
strains such as GR and RIII females. Note that the pregnancy hormone (estrogen
and progesterone) dependent tumor growth discussed in this paragraph should not
be confused with the pregnancy dependence of MMTV replication, which affects
the frequency of mutagenic events and is mainly glucocorticoid dependent.

HANs and plaques are associated with MMTV infection and express large
amounts of MMTV in high-incidence MMTV strains. The discovery that HANs
and plaques show MMTV proviral insertions near Wnt and Fgf genes indicates
that MMTV insertional mutagenesis in concert with hormonal stimulation give rise
to these hyperplasia’s. However, HANs can also be observed in mice treated with
chemical carcinogens in low-incidence MMTV strains, indicating that development
of mammary tumors from premalignant lesions is a general phenomenon (reviewed
by [88]).
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3.1.12 Hormone-Dependent Mammary Tumors and MMTV

Plaques in the GR mouse strain that develop into mammary tumors are initially
estrogen dependent and do not grow in ovariectomized mice; instead they progress
from a hormone-dependent growth phase to autonomous, hormone-independent
tumors [151, 152]. Hormone-dependent mammary tumors in ovariectomized GR
mice only develop upon treatment with progesterone and estrogen. Transplantation
of hormone dependent GR tumors usually leads, after several passages, to the emer-
gence of hormone independent tumor variants as a result of a clonal selection
process [96, 135]. MMTV is essential for the development of these tumors as they
do not arise in GR congenic mice that lack the active endogenous provirus Mtv2. Of
note, Wnt and Fgf genes are already activated in GR tumors by insertional muta-
genesis before they become hormone independent [92, 103]. This indicates that
expression of these oncogenes does not cause hormone independence, but one or
more additional insertional mutations events or other genetic or epigenetic changes
confer the hormone independent growth.

Squartini et al. [139] demonstrated that the mammary tumors induced by dif-
ferent strains of exogenous virus progress differently. In their study, BALB/c
mice, which have a low incidence of mammary tumors, show a high incidence
of hormone-independent tumors when infected with C3H-MMTV but develop
hormone-dependent tumors progressing to hormone-independence when infected
with RIII-MMTV. These results show that development of hormone dependent
tumors is virus strain dependent. The exact cause of this virus strain specific
hormone dependence is currently unknown.

3.1.13 MMTV-Induced Tumors in other Tissues

As discussed above, expression and replication of MMTV is low in most non-
mammary tissues because of its tissue and hormonal-specific regulation. This
largely precludes proviral integrations and tumor induction in these tissues.
However, MMTV infection of hematopoietic cells does occur, although the LTR
enhancer/promoter is probably inefficient in these cells. Evidence that the regulatory
sequences in the MMTV-LTR are crucial for its tissue specific oncogenic activity
comes from relatively rare MMTV induced lymphomas that develop at a low fre-
quency late in life in some MMTV infected mouse strains, such as the GR and
DBA/2 [95]. The genome of these lymphomas contains many new MMTV proviral
copies with consistent deletions and gains in the enhancer-like elements in the U3
region of the LTR that alter the behavior of the LTR enhancer/promoter in lympho-
cytes [5, 55, 97, 167]. Because these sequence changes in the MMTV-LTR require
time to accumulate within an infected animal, lymphomas occur with a long latency
and are only observed in males as the females succumb to mammary tumors at a
younger age. The acquired mutations in the LTR of the lymphotropic MMTV more
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readily allow viral replication and proviral integration in lymphoid tissues, and this
eventually causes lymphomas through insertional mutagenesis [7, 90, 167].

Based on these findings, Yanagawa et al. [167] and Bhadra et al. [7], were able to
construct infectious B-type T cell tropic viruses that are poorly expressed in mam-
mary epithelial cells and are not transmitted via the milk, but instead replicate only
in lymphoid cells due to removal of the negative regulatory element and acquisition
of T cell specific enhancer elements. Interestingly, the Sag gene is not required for
the B-type T cell tropic virus, indicating that expression of Sag is only required to
generate a B and T cell population that can infect mammary cells [105]. Insertional
mutagenesis screens using B-type leukemogenic virus showed that this virus dereg-
ulates some of the same genes that are also frequently tagged by Moloney virus in
lymphomas, such as Myc and Rorc [10, 119, 148].

MMTV-associated kidney carcinomas have also been observed in Balb/c mice
infected with milk-borne C3H MMTV. The kidney tumors harbored newly inte-
grated exogenous MMTV proviruses that showed striking alterations in the U3
region of the LTRs that might be responsible for the difference in tissue specificity
of the virus [162]. Changes in the U3 region were also reported for newly acquired
proviral copies in AtT-20 mouse pituitary tumor cells although it is unclear whether
these copies are involved in tumorigenesis [118]. The reported tissue-specific alter-
ations in the LTR predict that highly infectious MMTV versions with modified LTRs
may be useful for insertional mutagenesis in non-mammary tissues.

3.2 Gene Discovery by MMTV Mediated Insertional
Mutagenesis

3.2.1 Common Integration Sites

MMTV randomly integrates in the murine genome [32], but in contrast to some
other retroviruses such as Moloney Murine Leukemia virus, MMTV does not show
a preference for transcription start regions and CpG islands [166]. If the mutagenic
event caused by an MMTV proviral insertion affects a gene that confers a selective
growth advantage, it will expand the mutated cell population, which may lead to
hyperplasia. In some cells, additional hits near other cancer genes may provide these
cells with an additional growth advantage or other tumor related properties, and this
will eventually lead to full-blown mammary tumors. Most tumors are oligoclonal
for proviral insertions, which is caused by subsequent insertions in different cells of
the early tumor that provide similar selective advantages during tumor progression.
However, many if not most additional insertions are simply fortuitous, irrelevant
insertions that are piggybacking on the growth promoting insertions when the tumor
expands. When analyzing the pattern of MMTV insertion sites in a collection of
mammary tumors, these background insertion events should show a random distri-
bution pattern. By contrast, insertion events causally linked to tumor formation are
predicted to impact a subset of genes (i.e. proto-oncogenes), and thus should appear
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as nonrandom clusters found near these genes. Therefore, only those insertions that
are clustered more densely than would be expected by chance in a set of independent
tumors are likely to be responsible for tumor induction. These insertions are consid-
ered to be present in common integration sites (CISs) and indicate the presence of a
nearby oncogene.

Mikkers et al. [99] calculated the size of the genomic window in which two
or more insertions can be expected to be nonrandom, and thus defined a CIS as a
function of the number of analyzed tumors and detected insertions. However, mod-
ern high-throughput screens produce increasingly large data sets and consequently,
the calculated window may become quite small and no longer biologically relevant
since the viral enhancers may act over much larger distances than the calculated
window. Similarly, two or more insertions within the same gene may have the same
effect on gene function but may not be present within the same calculated win-
dow. Recently, a statistical framework based on Gaussian kernel convolution has
been developed [22], that is capable of detecting CISs in a noisy and biased envi-
ronment using a predefined significance level while controlling the probability of
detecting false CISs. Gaussian kernel convolution (summing Gaussian shaped ker-
nel functions placed at every RIS, akin to a sliding window), results in a smoothed
density distribution of inserts over the entire genome. Depending on the width of the
kernel function, closely spaced RISs give rise to high peaks, indicating CISs. The
significance of the height of the peaks can be determined by comparison with the
peak heights observed in randomly distributed RISs after appropriate multiple test-
ing correction. By varying the width of the kernel function, CISs at any biologically
relevant scale can be detected.

3.2.2 Modes by Which Insertional Mutagenesis Affects
Cancer Genes

The LTRs of proviral MMTV contain promoter and enhancer sequences that not
only control the transcriptional activation of the viral genes, but also can influence
expression of adjacent host genes. There are three major modes by which a provirus
can affect the expression of nearby host genes: (1) promoter insertion, (2) enhance-
ment of a nearby promoter or (3) integration within a gene causing truncation of the
transcript (see Fig. 3.3). For promoter insertion to take place, the proviral MMTV
must integrate in close proximity of the 5′ end and in the same transcriptional orien-
tation as the target gene. In this way, the promoter within the 3′ LTR of the provirus
can replace the endogenous gene promoter. Transcription of an adjacent gene can
also start from the 5′ LTR after deletion of the 3′ end of the provirus or by removal
of most of the 3′ viral transcript by splicing.

Since transcriptional enhancers act in an orientation-independent manner, the
strong enhancer elements within the U3 region of the 5′ LTR cannot only stimulate
the viral promoter but also the promoter of an adjacent cellular gene. Transcriptional
enhancement will occur when the provirus integrates either downstream of a cellular
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Fig. 3.3 Mechanisms of retroviral insertional mutagenesis. The most frequent mechanisms of
retroviral insertional mutagenesis are depicted. Promoter insertion: the provirus inserts upstream of
the target gene in the same transcriptional orientation and the viral promoter replaces the endoge-
nous promoter of the target gene, which may lead to enhanced expression of the target gene.
Variants of this mechanism may lead to alternative spliced forms of the mRNA by removal of
one or more of the 5′ exons (not shown). Enhancer insertion: insertions 5′ in the reverse orien-
tation or 3′ in the same orientation relative to the target gene, which may lead to activation of
the endogenous promoter and subsequently to enhanced mRNA expression. Truncating insertion:
Insertion in an exon or intron within the gene; these insertions may lead to inactive proteins, to
enhanced expression of 5′ or 3′ truncated mRNAs resulting in N- or C-terminal truncated proteins
that may be constitutively active due to removal of inhibitory domains, or to mRNA stabiliza-
tion by removal of destabilizing motifs in the 3′ mRNA. The novel 5′ truncated messenger will
terminate on a cryptic poly-adenylation site within the proviral LTR (not indicted). The light
and dark blue bars represents MMTV proviral DNA enclosed by two LTRs (dark blue). The
purple bars represent the open reading frame of the target gene; the promoter and untranslated
regions of the target gene are depicted by red and black bars respectively. The figure is based on
[62, 145]

gene in the same transcriptional orientation or upstream of a gene in the reverse
orientation. Transcriptional enhancement is the most frequent mode of gene acti-
vation by retroviral insertion, as enhancement allows more flexibility with respect
to the orientation of the virus and the distance to the target gene. The range
by which enhancement can occur is illustrated by our finding that the normally
silent Dpp10 gene is activated by proviral insertion at a distance of no less than
700 kb [144].
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Intragenic insertions that lead to truncation of the gene can have different out-
comes. For instance, integration within the 3′ end of a gene can result in enhanced
expression of the gene by removal of destabilizing signals within the 3′ untrans-
lated region of its mRNA. MMTV insertion in the same transcriptional orientation
within the coding region of a gene may give rise to truncated transcripts that encode
N- or C-terminal protein truncations. The enhancer in the 5′ LTR can stimulate
transcription of a truncated 5′ transcript of the target gene, while the promoter in
the 3′ LTR can drive transcription of a truncated 3′ transcript if there is a splice
acceptor site in 3′ end of the gene (Fig. 3.3). Whether any of these truncated pro-
teins are active obviously depends on the target gene and the exact insertion site.
Intragenic proviral integration may also lead to an inactive gene that may pro-
mote tumorigenesis if the affected target gene is a tumor suppressor. However,
a proviral insertion only affects a single allele of a gene. Thus an inactivating
insertion in the second allele required to effectuate the oncogenic potential of a
tumor suppressor gene is statistically very rare. However, an inactivating inser-
tion in a single allele of a haploinsufficient tumor suppressor gene may lead to a
selective advantage. Also, subsequent inactivation of the second tumor suppres-
sor allele by loss of heterozygosity or promoter methylation could lead to clonal
outgrowth. However, a selective advantage due to provirally-induced haploinsuffi-
ciency is apparently rather rare. For instance, haploinsufficiency of Pten is known
to cause mammary tumorigenesis in mice and collaborates with Wnt1 activation
[78], one of the most frequent MMTV targets. Nevertheless, we did not find any
proviral MMTV insertion in the Pten locus among approximately 2000 proviral
MMTV insertions in mouse mammary tumors (Vendel-Zwaagstra A., Theodorou V.
and Hilkens J., unpublished). Also, other known human or mouse tumor suppressor
genes such as Rb1 were not associated with common insertion sites in our screen.
The genomic regions containing these genes could be poor targets for proviral inte-
gration, as these genes were also rarely found near 10 000 CIS in a MuLV screen of
510 lymphomas [148]. Interestingly, in their analysis almost half the MuLV inser-
tions were intragenic, of which several occurred in genes that are known tumor
suppressors such as Ikaros, Nfl and E2f2; the latter being a known haploinsufficient
gene.

The above outline describes the most common mechanisms of by which genes
can be activated but other more exotic mechanisms have also been described [62,
145, 147].

As discussed, the MMTV promoter activity is greatly enhanced by steroid
hormones (e.g. glucocorticoids, progestins) and is weak without hormones. The
question arises whether this will affect expression of the targeted oncogene.
Sonnenberg et al. [137], showed that activation of Fgf2 by proviral MMTV insertion
(RIII-derived) in the opposite transcriptional orientation was hormone-independent,
while MMTV expression in the same cells remained hormone-dependent. Grimm
and Nordeen [41] investigated this further using luciferase reporter assays and con-
firmed that activation of the promoter of at least some cellular MMTV target genes
by the MMTV-LTR enhancer (C3H derived) is relatively independent of steroid
hormones.
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3.3 Gene Families and Pathways Frequently Targeted by MMTV

The first oncogenes identified using MMTV-induced insertional mutagenesis were
discovered in conventional MMTV positive inbred mouse strains such as the C3H,
RIII, BR6, GR and CzechII strains. The first identified MMTV common integration
site was located adjacent to the int-1 gene, which later was identified as the ortholog
of the wingless gene in Drosophila [123], and was subsequently designated Wnt1. A
second common MMTV-insertion site, designated int-2 [113], was found to encode
a member of the fibroblast growth factor family (Fgf3) [24]. A frequent MMTV
target in CzechII mice, int-3 [35] was later recognized as a member of the Notch
family, Notch4 [34, 125]. These first three MMTV targets are members of three dif-
ferent gene families critical for normal patterning during embryogenesis. Presently,
three additional members of the Wnt family, Wnt3 [126], Wnt3a 144] and Wnt-
10b [77], and three additional Fgf-family members, Fgf4 [114], Fgf8 [132], Fgf10
[143], and one additional Notch-family member, Notch1 [25] have been associated
with MMTV common insertion sites.

The early studies showed that usually only a few members within a gene fam-
ily are MMTV targets. Also in our high-throughput IM study [144], in mammary
tumors from MMTV infected BALB/c mice, we only rarely found that other mem-
bers of the three above mentioned gene families were tagged, suggesting that
specific gene family members are oncogenic in the mammary gland. We will ten-
tatively refer to the MMTV targets within a gene family as the “oncogenic” family
members. However, it remains possible that tagging of other members of these gene
families does not confer a selective advantage due to the absence of the appropriate
receptors in mammary epithelial cells (in case of secreted factors), constrains on the
interaction between the target gene promoter and MMTV enhancer or the presence
of some of these gene family members in transcriptionally inactive DNA regions.
The former option appears unlikely for Fgfs as some non-targeted Fgfs use the same
Fgf receptors as targeted Fgfs. The latter option seems also unlikely as the targeted
Wnt members are present in evolutionary conserved, closely spaced pairs of which
only one is targeted by MMTV.

Genes that are transcriptionally activated by proviral insertion are usually silent
or expressed at very low levels in normal postnatal mammary epithelium. Therefore,
the distinction between oncogenic and non-oncogenic family members is further
supported by the fact that only non-oncogenic Wnt and Fgf-genes are expressed in
postnatal normal mammary epithelial cells (e.g. Wnt4, Wnt6), and thus are unlikely
to be oncogenic unless their normal activity is kept in check by a strictly tem-
poral regulation (e.g. only during pregnancy). In that case, however, it can easily
be envisaged that MMTV insertion would interfere with such temporal regula-
tion. Interestingly, Wnt10b was reported to be an MMTV target [77], despite that
it is expressed in normal mammary epithelium [75, 77]. However, in our own IM
studies, we noticed that many insertions predicted to activate Wnt10b also, and occa-
sionally even exclusively, activate the nearby Wnt1 gene. Conversely, the majority
of the tumors expressed Wnt10b without insertion in or nearby the Wnt10b/Wnt1
locus [144]. Therefore, Wnt10b is probably not a bona fide MMTV target and
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is not considered to be an strongly oncogenic Wnt, despite the fact that high
overexpression in transgenic mice leads to mammary tumors [75].

Our high-throughput IM study and subsequent expression analysis (M. Kimm,
M. Boer and J. Hilkens, unpublished) showed that only rarely is more than one
oncogenic Wnt or Fgf gene expressed in individual tumors. Clearly, activation of a
single member of each oncogenic family is sufficient to fully activate the respective
pathways and activation of additional genes in the same pathway provide no fur-
ther selective advantage in most cases, although some exceptions to this rule will be
discussed bellow. In nearly all MMTV induced BALB/c mammary tumors an onco-
genic Wnt gene and an oncogenic Fgf are co-targeted, suggesting interdependence of
both gene families in tumorigenesis. A preference for specific combinations of Wnt
and Fgf family members was not observed despite some reports to the contrary [64].

There is some evidence that MMTV insertions within multiple genes in the same
pathway provide a selective advantage when they occur within a single tumor. The
Fgf-receptor1 (Fgfr1) and Fgfr2 genes are occasionally tagged in the same tumors in
which an Fgf ligand is also tagged. Apparently, the Fgf receptor is not expressed at
sufficiently high levels, and therefore enhanced expression as a result of MMTV
tagging can provide a further selective advantage. Whether the tumors without
MMTV-induced Fgfr expression use other ways to upregulate the appropriate recep-
tor has not been investigated. This finding shows that cooperativity between MMTV
target genes can occur within the same pathway under certain circumstances.

Another example of genes collaborating within the same pathway is provided by
the R-spondin genes. Two genes of the R-spondin gene family, Rspo2 and Rspo3,
are frequently associated with CISs [37, 81, 144]. The R-spondin gene family com-
prises four members that are characterized by a thrombospondin type 1 domain
and two furin domains. Normal mammary epithelial cells transduced with cDNA
encoding Rspo3 are tumorigenic in vivo, validating this MMTV target as a novel
proto-oncogene [144]. In particular, Rspo2 and Rspo3 amplify Wnt1 and Wnt3a sig-
naling, while R-spondins alone have only a minor effect on the Wnt-pathway [65,
67, 107]. Rspo’s bind to the Wnt co-receptor LRP6 [8, 161],and antagonize DKK1
activity by interfering with DKK mediated LRP6 and Kremen association, leading
to down regulation of the Frizzled-LRP receptor complex [68, 108]. In other words,
activation of an Rspo gene may be required to prevent DKK-mediated inhibition
of the Wnt pathway. Indeed, MMTV insertions in Rspo2 and Rspo3 are frequently
found together with a Wnt gene insertion in the same tumor (Vendel-Zwaagstra and
Hilkens, unpublished) and represent another example how cooperativity between
genes in the same pathway can provide a selective advantage to the tumor cell.

Notch4 is targeted with high frequency in CzechII mammary tumors but only
at low frequently in MMTV induced BALB/c tumors. However, activation of the
Notch pathway may be underestimated, as other genes in the Notch signaling cas-
cade are occasionally tagged in the Balb/c tumors [35, 144]. Fgf and Wnt genes were
usually activated in the tumors in which Notch is provirally tagged. This suggests
that these pathways are collaborating, although Notch pathway activation does not
seem to be a prerequisite for Wnt/Fgf induced mammary tumorigenesis in BALB/c
mice.
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3.3.1 Infrequently Targeted Genes and Pathways

Recently, we have published a list of 33 candidate genes in MMTV-induced tumors
found in 160 wild type BALB/c mice [144]. Insertional mutagenesis in additional
mouse mammary tumor models extended this list to more than 40 CISs (A. Vendel-
Zwaagstra, M. Boer and J. Hilkens, unpublished). In addition to the frequently
targeted genes acting in the Wnt, Fgf and Notch pathways that are discussed above,
we also found a large series of infrequently tagged genes not acting in one of these
pathways ([144], and A. Vendel-Zwaagstra, M. Boer and J. Hilkens, unpublished).
Among these are genes acting in a variety of pathways such as Igf2/insulin path-
way including Igf2 and Irs4, members of the Odz, Robo and glypican gene families,
Eras, Id2, Map3K8, Astn2, Sfmbt2, Dpp10, Zfp521 and others. The function of most
of these genes in mammary tumorigenesis has not been elucidated.

Some of the infrequently targeted genes may in fact activate the same pathway.
For instance, among the infrequently tagged genes are three genes that may activate
the PI3Kinase pathway: Irs4, a member of the Insulin Receptor Substrate family
[76], Igf2 a secreted growth factor that among others activates the PI3K pathway and
Eras which directly activates the PI3K pathway [141]. An expression analysis shows
that these genes are expressed in 15–20% of the mammary tumors depending on the
genetic background, although this analysis does not necessarily represent the tag-
ging frequency but may better indicate the importance of these genes. Several genes
acting in this signaling cascade are well established cancer genes, like PIK3CA,
encoding the catalytic moiety of the PI3-kinase and the tumor suppressor gene
PTEN (reviewed in [26]). Loss of PTEN expression or activating PIK3CA muta-
tions occur in more than 50% of the human breast cancers and Pten loss was
also shown to accelerate mouse mammary tumorigenesis [78]. Of note is that Irs4
and Igf2 may also be involved in other oncogenic pathways, like the MAPK/ERK
pathway.

Theodorou et al. [144] showed that “single” insertion sites (insertion sites present
in only a single tumor) can still be informative because some genes may be tagged
infrequently as they activate less dominant pathways, or the same pathway may be
activated by multiple genes from the same gene family decreasing the probability to
be present in a CIS. Indeed, analysis of the complete dataset of MMTV retroviral
insertion sites by using various bioinformatics tools and public databases revealed
that certain gene families, protein domains, and pathways in addition to the ones
associated with CISs are overrepresented among genes associated with single inser-
tion sites. Gene family analysis of 160 MMTV-induced BALB/c tumors revealed
that among others Ras, cyclin, cadherins and T-box gene families are overrepre-
sented. Protein domain analysis of the genes tagged by single insertions showed that
genes encoding proteins with a thrombospondin type 1 (TSP-1), phosphokinase, or
cation ATPase domain were also overrepresented and likely important in carcino-
genesis. Proteins with a TSP-1 domain also include Rspo2 and Rspo3, mentioned
above, and several Adamts family members some of which also have been impli-
cated in cancer [101]. Based on these results, we can also consider genes present in
“common gene families” as candidate cancer genes.
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3.4 Comparison of MMTV Targets in Mammary Tumors
and MuLV Targets in Lymphomas

Theodorou et al. [144] investigated the overlap between the entire sets of genes
targeted by MMTV and MuLV (deposited in the Mouse Retrovirus Tagged
Cancer Gene Database, RTCGD, http://rtcgd.abcc.ncifcrf.gov/mm8/index.html) and
whether genes targeted by both viruses are acting in the same or in different
pathways. The comparison showed that MMTV and MuLV target genes and sig-
naling pathways only partially overlap. In lymphomas MuLV frequently tags genes
involved in the development of the hematopoietic and immune system, whereas
MMTV preferentially tags genes related to mammary development. This could
either be due to the nature of the different retroviruses or to the tissues that are
infected by the viruses. Comparing the MuLV targets in brain tumors present
in the RTCGD with the MuLV targets in lymphomas suggest that tumor forma-
tion is mainly dictated by the nature of the tissue rather than the nature of the
virus.

3.5 Core and Sporadic Activated Cancer Pathways

In most mammary tumors, several CISs are present. Some of these CISs occur with
very high frequency while others are only infrequently found. Callahan and Smith
[13] designated the former as core CISs. The core CISs activate mainly the Wnt,
Fgf and Notch pathways in a large proportion of MMTV induced mammary tumors
although the frequency may vary somewhat (for Wnt, Fgf) or significantly (for
Notch) in different mouse strains and may also depend on the MMTV variant used
to induce the tumors. Consistent with Callahan and Smith, we will designate these
pathways as the core oncogenic pathways in MMTV-induced tumors in contrast to
the infrequently activated pathways, which we will designate as sporadic pathways.
The essential role of the core pathways in mouse mammary tumorigenesis is clearly
illustrated in wild-type Balb/c tumors in which Wnts and Fgfs are activated in over
90% of the cases. Although both pathways act synergistically in bitransgenic mice,
together these pathways cannot drive tumorigenesis as Wnt1/Fgf3 bitransgenic mice
development tumors with latencies between 3 and 10 months indicating additional
genetic or epigenetic events are required [74, 53]. Therefore, it is not surprising
that in almost all tumors we found MMTV proviral insertions in addition to those
activating core pathways. However, these insertions tag a variety of genes with low
frequency, of which some are in CISs. These insertions activate genes that partici-
pate in various pathways that probably collaborate with one or more core pathways.
Interestingly, both Fgf3 and Wnt1 transgenic and bitransgenic mice develop hyper-
plastic mammary glands, suggesting that the additional insertions may cause the
malignant transformation. However, these hits may only contribute to tumor pro-
gression [13]. The clonality of the sporadically activated genes in the tumor may
provide some clues in this respect.
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In the next paragraphs, we will briefly discuss the core pathways activated by
MMTV proviral insertion in mammary epithelial tissues.

3.5.1 Wnt Signaling

Wnt signaling plays a key role in many aspects of embryogenesis and throughout
adult life by regulating morphology, proliferation, motility, cell fate and stem cell
maintenance. Somatic mutations in components of the Wnt pathway are also fre-
quently seen in a variety of human cancers, although only infrequently in human
breast cancer. However, nuclear β-catenin (a read out for activation of the canonical
Wnt-pathway) has been observed in 60% of tumors, indicating the importance of
this pathway also for human breast cancer [79]. Wnts are lipid modified secreted
molecules. Nineteen highly conserved Wnt genes have been identified in mice and
humans, but only some Wnts have been shown to be involved in mouse tumori-
genesis. Also, the transforming capacity of the various Wnt genes in vitro varies
greatly [164, 134]. In addition to the MMTV-tagged Wnts, also Wnt2 and Wnt7A
can transform C57MG cells in vitro.

Wnt signaling induces stabilization of β-catenin, which is subsequently translo-
cated to the nucleus where it acts as cofactor for TCF/LEF transcription factors.
TCF/LEF transcription factors then regulate genes involved in cell proliferation such
as cyclinD1 and c-Myc. This is considered the canonical Wnt-pathway, recently
reviewed by Clevers [19]. In addition, several non-canonical pathways have been
described including the planar cell polarity and cell migration pathways through
activation of Rho family GTPases, Jnk and the Ca2+ pathway through phospholipase
C activation.

Wnts act through Frizzled receptors, of which no less than ten have been identi-
fied. However, Wnts can also bind to other membrane molecules acting as Frizzled
coreceptors or as independent receptors—including Lrp5, Lrp6, Ror2, Ryk and
proteoglycan cofactors such as syndecans and glypicans [66]. Recent evidence
shows that the pathway that is engaged by Wnts depends on the specific receptor-
coreceptor complex present at the cell surface and the cellular context [149]. The
canonical pathway is only activated by a Frizzled-Lrp complex, whereas the non-
canonical Wnt signaling pathway may involve Frizzled receptors, but in association
with different coreceptors [149].

Only the canonical Wnt pathway seems to be involved in mouse mammary
tumorigenesis as ectopic expression of stabilized β-catenin in the mammary gland
is sufficient to cause mammary tumors that are indistinguishable from Wnt induced
tumors [94]. While the canonical pathway is involved in initiation, the non-canonical
pathways may only contribute to tumor cell migration and invasiveness [60]. In our
MMTV insertional mutagenesis screen we only find genes acting in the canonical
pathway such as the Rspo genes but no genes known to act in one of the non-
canonical pathways. This again indicates that the canonical pathway is one of the
dominant oncogenic pathways in mouse mammary tumorigenesis.
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Mice transgenic for Wnt1 driven by the MMTV-LTR display accelerated pro-
liferation of the mammary ductal and alveolar epithelium resulting in lobuloalve-
olar hyperplasia throughout the mammary glands and the development of focal
mammary tumors with a median latency of approximately 5 months [146]. The
development of generalized mammary hyperplasia and subsequent solitary mam-
mary tumors with a relatively long latency suggest that Wnt gene activation is an
early event in mammary tumorigenesis. Subsequent collaborating genetic events
are required for malignant tumor formation. However, continued Wnt stimulation
remains required for tumor maintenance and growth [44]. Involvement of Wnts
in tumor initiation is in keeping with the observation that Wnt gene activation in
MMTV induced mammary tumors is an early event [146].

3.5.2 Fgf Signaling

In mammals, the fibroblast growth factor gene family comprises of 22 members.
Nearly all Fgf genes are expressed at some point during embryonic development
and are essential for organogenesis and limb development. Fgf signaling results in
a variety of cellular responses, like proliferation, migration and survival (for review
see [30, 43, 116]). Fgfs are secreted molecules that signal in an autocrine as well
as paracrine fashion through cell-surface tyrosine kinase receptors encoded by four
genes (Fgfr1-4). Alternative splicing of the Fgfr1, 2 and 3 transcripts results in at
least 7 variants, which bind the various Fgfs with different affinities. The various
receptors show different biological activities which adds to the complexity of Fgf
signaling [116]. Activation of the FGFRs also involves polysulphated proteogly-
cans like heparin or heparan (HSPG) that bind Fgfs and are required as accessory
receptors further enhancing the complexity of Fgf-signaling. Upon ligand binding,
FGFRs dimerize and autophosphorylate specific tyrosine residues in their cyto-
plasmic domains. The phosphorylated domains form docking sites for molecules
involved a various signaling pathways of which the Ras/MAPK, PI3K/Akt and
PLCγ pathways are the most prominent [30]. In vitro, FGFs are involved in cell pro-
liferation, migration, differentiation and survival. In vivo, some FGFs have strong
angiogenic activity while others are involved in tissue remodeling and wound repair.
Fgf overexpression in tumor cells could act as an autocrine growth factor and/or
as an angiogenic factor. Interestingly, the Fgf family members with the strongest
angiogenic capacity, such as Fgf1 and Fgf2, are never targeted by MMTV, suggest-
ing that the main contribution of FGFs in mouse mammary tumorigenesis might be
stimulation of cell proliferation and/or survival.

Mammary glands of MMTV-Fgf3 transgenic mice exhibit extensive epithelial
proliferation and develop ductal hyperplasia, which only in some transgenic strains
gives rise to tumors relatively late in life [74, 77, 104]. As discussed above, Fgf and
Wnt genes are usually co-targeted by MMTV, suggesting that both gene families
closely collaborate. Wnt and Fgf genes are already co-mutated in mammary hyper-
plasia, which shows that activation of both genes are early events in tumorigenesis
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[103, 115]. Indeed, Wnt1 and Fgf3 transgenic mice develop generalized diffuse
mammary hyperplasia confirming that Wnts and Fgfs are involved in early stages of
carcinogenesis [104, 146].

The compound MMTV-Wnt1/MMTV-Fgf3 transgenic mice also developed
tumors with a shorter latency than transgenic mice expressing only a single trans-
gene, proving that Wnt and Fgf signaling collaborate in mammary tumorigenesis.
However, additional genetic and/or epigenetic events are required for tumorigenesis
[53, 74]. Also, our insertional mutagenesis studies show that together with Wnt and
Fgf genes a variety of additional genes are activated that are likely to collaborate
with these genes.

3.5.3 Notch Signaling

Notch signaling determines cell fate decisions such as differentiation, proliferation
and apoptosis. The Notch family includes four transmembrane receptors, Notch1-4,
and five ligands, Jag1, Jag2, Dll1, Dll3, and Dll4. In addition, numerous modulators
of the pathway have been described. Notch receptors are synthesized as precursor
proteins, which upon cleavage form a non-covalently bound heterodimer at the cell
surface. Notch ligands are present at the surface of adjacent cells, which means that
Notch signaling is only limited to neighboring cells. Upon ligand binding to the
receptor, the Notch intracellular domain (N-ICD) is proteolytically released and is
translocated to the nucleus. Subsequently, N-ICD binds to the transcription factor
CSL, which releases the CSL-bound repressor and activates transcription of target
genes (reviewed in [71]). Hes and Hey family members are among the N-ICD/CSL
target genes, but it has also been shown that the Myc oncogene along with the
cell cycle regulators Cdkn1a (p21waf1) and Ccnd1 are targets of Notch signaling
[70, 98].

Proviral insertion in Notch4 is always intragenic in such a way that the inserted
provirus leads to an N-terminal truncated Notch protein that only contains the trans-
membrane and intracellular domains (in essence the N-ICD). The inserted MMTV
promoter constitutively drives the expression of this truncated Notch form. This
gain-of-function mutation mimics ligand-activated Notch4. As a result, MMTV
proviral insertion enables activation of Notch target genes in a ligand-independent
manner. Also MuLV targeting of Notch genes in lymphomas leads to a gain-of-
function by the same mechanism. While Notch2 and Notch3 are not targeted by
MMTV, similar intragenic proviral insertions as in Notch4 were also found in
Notch1 in MMTV induced tumors from ErbB2 transgenic mice [25]. The con-
tribution of Notch signaling to cancer has been linked to the suppression of
apoptosis through activation of AKT [93]. Transgenic mice expressing the trun-
cated Notch4 genomic fragment encoding the ICD under control of the MMTV-LTR
show impaired mammary gland differentiation and develop poorly differentiated
adenocarcinomas of the mammary gland [36, 61]. Interestingly, similar transgenic
mice expressing human Notch1-ICD first show lactation-dependent tumors that
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regress after weaning, but eventually develop hormone-independent non-regressing
adenocarcinomas [70].

3.6 MMTV Targets and Mammary Stem Cells

Notch and Wnt signaling have been implicated in mammary stem cell self-renewal
[3, 27]. In MMTV-Wnt1 transgenic mice, the number of stem cells is expanded over
6-fold suggesting that Wnt-signaling participates in controlling the self-renewal of
mammary stem cells [133]. Notch and Wnt involvement in mammary stem self-
renewal is reminiscent of its function in hematopoietic stem cells. Also, the Fgfs
(e.g. Fgf4) have been implicated in stem cell maintenance. FGFs are commonly
used to expand tissue specific stem cells and embryonic stem cells (reviewed in
[40]). The Hedgehog signaling pathway has also been implicated in mammary stem
cell self-renewal [80]. However, so far only one component, Ptchd3, was found to
be infrequently tagged by MMTV, suggesting that this pathway plays a minor role
in mouse mammary tumorigenesis. It is often speculated that deregulation of stem
cell self-renewal is one of the key events involved in carcinogenesis. The fact that
three MMTV induced core oncogenic pathways also act in stem cell self-renewal
supports this notion.

3.7 Relevance of Insertional Mutagenesis for Human
Breast Cancer

At first sight, many frequently activated genes in MMTV-induced mouse mam-
mary tumors from wild-type mice are distinct from those commonly mutated in
human breast cancers. This may not be surprising as over 60% of human breast
cancers are hormone-dependent, while most mouse mammary tumors are hormone-
independents. Also the histopathology is different. Most human breast tumors are
invasive ductal and lobular carcinomas, whereas most mammary tumors in the
mouse are low grade and rather benign. However, the histology of many mammary
tumors that arise in genetically modified mouse strains is often much more human
like. One of the most “humanized” mammary tumors arises in the ErbB2 transgenic
mouse strains. These tumors not only histological mimic human Neu/Her2 tumors,
but also show similarity in gene expression profiles [2]. Therefore, it can be expected
that genes activated by insertional mutagenesis in these models are more relevant for
human breast cancer than genes activated in wild-type mice.

It is also becoming increasingly clear that activation of the oncogenic pathways
is of more universal importance than the individually activated genes. For instance,
several of the genes initially discovered by insertional mutagenesis, such as Wnt1,
are only rarely expressed in human breast cancers. However, the canonical Wnt-
pathway is activated in a large proportion of human breast cancers as shown by
stabilization of β-catenin and upregulation Axin2 and Lef1 [4, 54, 79]. Moreover,
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activation of the Wnt-pathway in human primary mammary epithelial cells leads to
transformation in vitro and tumor formation upon orthotopic transplantation into
immunocompromised mice [4]. Several lines of evidence indicate that the Wnt
pathway in human breast cancers is frequently activated by epigenetic silencing
of inhibitory genes in the pathway (reviewed in [69]). In contrast, in colon cancer
the Wnt pathway is most often activated by mutations in the APC gene, preventing
degradation of β-catenin. These and similar observations illustrate that activation
of the same oncogenic pathways in different species, or even different tissues, can
occur through different mechanisms. Therefore, the pathways affected by MMTV-
induced mutations in mouse models may be more indicative for human breast cancer
than the MMTV target genes themselves.

In some pathways, however, the same genes are affected in mouse and human
cancer. For instance, the human orthologs of the MMTV targets Fgf8, Fgf10, Fgfr1
and Fgfr2 are overexpressed and Fgf3 and Fgfr2 are frequently amplified in human
breast cancer [85, 143, 169]. The latter gene is also associated with a high risk of
local-regional recurrence in node-negative cancers [33]. Genome-wide association
studies using single nucleotide polymorphisms identified FGFR2 as a breast cancer
susceptibility gene [28, 56]. In conclusion, genes in the Fgf-pathway are oncogenic
targets in mouse and human breast cancer, further emphasizing the Fgf-pathway as
a key oncogenic pathway.

In the Notch pathway, some components such as Notch genes themselves are
MMTV targets and are also associated with several human cancers. Most notably,
activating mutations in NOTCH1 are present in over 50% of the T-cell acute lym-
phoblastic leukemias [163]. In a small study of twenty human breast carcinomas,
accumulation of the Notch-ICD was found in all samples [140]. Also loss of NUMB,
a negative regulator of Notch signalling, and expression of known downstream tar-
get genes was observed indicating that aberrantly activated Notch signalling is a
frequent event in breast carcinomas [140]. Moreover, patients with tumors express-
ing high levels of JAG1 or NOTCH1 had a significantly poorer overall survival
compared with patients expressing low levels of these genes [120]. Notch ligands,
however, are only rarely tagged by MMTV.

Taken together, all three core oncogenic pathways that are activated by MMTV
insertional mutagenesis in mouse mammary tumors are also relevant for human
breast cancer. However, it seems unlikely that all three core pathways are relevant
for all different breast cancer subtypes. For instance, in our own study we rarely
find Wnt or Fgf tagging in mammary tumors derived from MMTV infected ErbB2
transgenic mice.

Igf2 and Irs4 are both acting in the insulin-like signalling pathway and are present
among the infrequently MMTV tagged genes ([144], Zwaagstra, Boer and Hilkens,
unpublished). Igf2 is a paternal imprinted gene in humans and mice. Loss of imprint-
ing of Igf2 has been observed in a significant proportion of human breast cancers
[86]. Also, enhanced levels of circulating Igf1 has been implicated breast cancer
[47]. Although both Igf2 and Igf1 activate the insulin-like growth factor-1 recep-
tor, Igf1 is not an MMTV target. Possibly, IGF2 is more critical for tumorigenesis
as IGF1 is secreted by the normal mammary stroma, while the stroma surrounding
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the malignant mammary epithelium switches expression to IGF2 [111]. IRS4 was
found to be mutated in eleven breast cancer samples tested by Wood et al. [165],
suggesting that it is also relevant in human breast cancer.

Of the 33 genes associated with novel MMTV CISs reported by Theodorou
et al. [144], seven sporadic activated genes (ASTN2, FGFR2, JMJD1C, DPP10,
NOTCH4, ODZ1, PROS1, RREB1) were found to be mutated in eleven human breast
tumor samples tested in a screen for mutated genes [165]. In addition, we found in
our own gene expression analysis using microarray data from 295 breast carcino-
mas that expression of ASTN2, CENTG2, EGR3, FGFR2, GSE1, JMJD1C, IGF2
LAMB1, PDGFRB, PROS1, RREB1 was deregulated in more than 5% of the can-
cers. The large overlap between the affected genes in both studies indicates the
significance for human breast cancer of the sporadic tagged genes in the mouse
models.

3.8 Concluding Remarks

Recent years have shown that insertional mutagenesis screens, including the screens
for MMTV proviral insertions, lead to the discovery of a wealth of novel candidate
cancer genes. Many of the target genes act in known human oncogenic pathways
indicating the validity of insertional mutagenesis screens for human breast cancer.
However, the number of more sporadically activated genes that are validated as gen-
uine cancer genes is rather limited. This validation, although urgently required, may
not be simple. Most sporadic target genes are likely to act as cancer gene only in
concert with one or more specific gene mutations. In the next years to come, more
functional analysis of individual genes and gene sets should be performed to fully
benefit from the present screens. Finding the pathways in which some of the unchar-
acterized proviral MMTV target genes act may greatly profit from gene expression
analyses in the same tumors. Combining these technologies, however, has not yet
been explored on a large scale, but has a great potential. In fact, it may be most use-
ful as a rapid method to determine whether a candidate gene participates in a novel
oncogenic pathway or simply activates one of the known core pathways. At present,
insertional mutagenesis, as well as tumor genome sequencing, have revealed an
enormous complexity and diversity of genes involved in mammary tumorigenesis.
One of the questions that must be solved is whether this complexity can be reduced
when these genes are assigned to an oncogenic pathway.

Presently most techniques to identify retroviral or transposon insertions are based
on conventional sequencing of individually amplified sequences adjacent to the
insert. In addition to the collection of the tumor samples, this is one of the limit-
ing steps in the identification of novel CIS. The new “next generation” sequencing
methods allow the parallel sequencing of all insertions in a single tumor with high
sensitivity and potentially can give a good indication of the clonality of a specific
insert. The clonality is a measure to distinguish genes that act early and late in
tumorigenesis, which is yet difficult to determine. Tumors may be more addicted to
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early events than to the relatively late events that are more likely involved in tumor
progression and properties related to invasion and metastasis.

Insertional mutagenesis identifies genes and signaling pathways causally related
to mammary tumors in the mouse. One drawback of insertional mutagenesis is that it
can only be performed in mouse models, although this may be largely solved using
improved genetic modified mouse models for human cancer. As we have shown
above, a large proportion of MMTV target genes are also deregulated or mutated
in human breast cancer, while other genes act in oncogenic pathways known to be
involved in human breast cancer. So this drawback of insertional mutagenesis may
be not so serious after all. CGH and mutation analyses of the entire genomes of
human tumors may largely benefit from the insertional mutagenesis studies. In fact,
databases containing the genomic landscapes of mammary tumors and the retroviral
targets may be cross compared to exclude genes with passenger mutations and vice
versa to confirm the relevance of MMTV targets in mouse mammary tumors for
human breast cancer. Similarly, the relevant cancer genes in the amplified genomic
regions defined by CGH studies of human breast cancers may be identified using
insertional mutagenesis data.

Presently, it is unlikely that we have obtained the complete picture of all rele-
vant pathways in mammary carcinogenesis. Novel candidate cancer genes may be
found in various genetically modified mouse models. It can be envisaged that the
use of transposon tagging identifies additional candidate mammary cancer genes
for instance when the transposons is provided with different (non-LTR) promoters
or if the transposon is mobilized in different progenitor cells in the mammary gland.
Such screens may aid to elaborate the interplay between different oncogenic path-
ways, which is required to develop more efficient and specific anti-cancer therapies
and to develop new prognostic and predictive indicators.
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Chapter 4
Chicken Models of Retroviral Insertional
Mutagenesis

Vladimír Pečenka, Petr Pajer, Vít Karafiát, and Michal Dvořák

The concept of transposon tagging or insertional mutagenesis as a strategy for
fishing out genes connected with the phenotype of interest was emerging since
the early 1980s. Study of genetic basis of tumorigenesis is one of the fields where
insertional mutagenesis proved to be exceptionally powerful. Crucial elements of
this experimental approach have been retroviruses whose unique properties have
revolutionized the work in the field of oncogenesis. Retroviruses contributed to
our knowledge of tumor formation in two ways. First, some of them transduce
oncogenes—mutants of normal cellular genes with an oncogenic potential. And it
was the comparison of viral and cellular alleles of these genes that allowed com-
prehending the principles of oncogenic activation of genes. Second, retroviruses not
carrying oncogenes can induce tumors by affecting host genes. Through integration
of their proviral DNA into chromosomes they can activate tumorigenic potential
of oncogenes or inactivate tumor suppressor genes. The mechanism is referred to
as oncogenesis by insertional mutagenesis. The insertional mutagenesis by retro-
viruses is very efficient. Perhaps each locus of a host genome can be hit by the
provirus insertion in many cells of an infected tissue. If any of these insertions or
their combinations incites malignant transformation, the touched cell outgrows and
can give rise to a tumor. Affected host gene loci can be easily identified since they
are tagged by integrated proviral sequences.

Chicken retroviruses and chickens as experimental animals laid the grounds to
the entire field. Chicken B–lymphoma induced by the avian leukosis virus (ALV)
was the first tumor type where this mechanism of tumorigenesis was reported
in 1981. In these tumors the cellular oncogene c–myc was found activated by a
provirus integration. In coming years, these pioneering works were followed by
further papers that included other retroviruses and animal models and found other
insertionally activated oncogenes in other tumor types, thus establishing insertional
mutagenesis as a new paradigm in retroviral oncogenesis. The speed of further
data accumulation was increasing with continuous improvement of the techniques
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for isolating provirus-flanking sequences (inverse PCR and related techniques) and
for their analysis (automatic sequencing machines). The final explosion of data
started after the complete genome sequences of individual model organisms had
become available. From that point it has been a relatively easy task to assort indi-
vidual provirus insertion sites along the chromosomes, to pick up common sites of
integration and associate them with suspect genes.

In this chapter we will describe several chicken models of tumorigenesis through
retroviral insertional mutagenesis that have been thoroughly investigated (for the
overview, see Table 4.1). More space will be given to the recently advanced mod-
els: chicken nephroblastomas, lung sarcomas, liver carcinomas and the industasis
phenomenon. We will focus on unique features of the chicken models including
mechanistic details of gene activation by defective proviruses. Insertional inactiva-
tion of tumor suppressor genes will not be discussed since it has not been proven
in chicken system so far. For general issues we refer to other parts of this book and
to the reviews [75, 150]. In the end, we will discuss the future of chicken models
in the era of high throughput oncogene screening in mouse models and large scale
sequencing of human cancer genomes.

4.1 The Beginning of the Story: the Case of Chicken
Bursal Lymphomas

Bursal lymphoma (malignant lymphoma of the bursa of Fabricius named also
lymphoid leukosis or lymphomatosis) is the most common neoplasia of domestic
chickens. The viral etiology of bursal lymphomas has been known since 1908 when
cell-free extract was shown to transmit the neoplasia [41]. In farms, the causative
agent, now called avian leukosis virus (ALV), is spread mainly by congenital infec-
tion from hens to embryos [16]. Experimentally, the virus can be transmitted by
intraperitoneal injection of plasma of infected animal into newly hatched suscepti-
ble chickens. Several weeks after infection many microscopic transformed follicles
arise in bursa of Fabricius (see also Section 4.7). Within months, one or more macro-
scopically observable nodules—bursal lymphomas—develop. The animals die after
progressive metastatic tumors develop in many organs [4, 28].

ALVs are typical representatives of simple slowly oncogenic retroviruses car-
rying only viral replicative genes gag, pol and env to which no substantial trans-
forming potential could be ascribed [25]. The first suggestion about the mechanism
by which these transforming gene-lacking viruses could induce neoplasia emerged
from the study of recombinants between oncogenic ALVs (RAV–1 and RAV–2,
Rous associated viruses subgroups A and B) and their nononcogenic homolog
(RAV–0, Rous associated virus subgroup E). The oncogenicity of the recombinant
always correlated with the presence of U3 region derived from RAV–1 or RAV–2
[31, 149]. The U3 region just precedes the start of viral mRNA transcription at the 5′
end of the integrated DNA provirus. Not surprisingly, sequence analyses have local-
ized typical promoter sequences for RNA polymerase II in the U3 region [164].
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Since the U3 region, as part of the long terminal repeat (LTR), is also present at
the 3′ end of the provirus, it could drive transcription not only of retroviral genes,
but also of downstream located host genes (the mechanism named “promoter inser-
tion”, see Fig. 4.1a). Hybrid RNAs containing both viral and cellular sequences
have indeed been found in infected cells [122]. The non-oncogenicity of RAV–0
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Fig. 4.1 Schemes of gene activation by promoter insertion (a–f) and enhancer insertion
(f–h). a Nondeleted provirus. Predominant transcripts driven by proviral LTRs are full-length
and spliced copies of the provirus initiated at the 5′LTR promoter. Transcription starting in
the 5′LTR and proceeding through the 3′LTR arrests the promoter activity of the 3′LTR.
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and of recombinants carrying RAV–0-derived U3 could be the consequence of the
weakness of RAV–0 promoter which correlated with the slower replication of these
viruses [149]. Thus, all the facts were consistent with the hypothesis of insertional
activation of an adjacent cellular gene.

The confirmation came when several groups [27, 45, 54, 55, 96, 112] reported
frequent provirus integration next to the same discrete cellular sequence in
B-lymphomas (denominated as common integration site—CIS). In vast majority
of B-lymphomas one of the integrated proviruses was found just upstream of the
c–myc gene, at the time the already known cellular oncogene. The provirus posi-
tion and orientation were exactly as required for c–myc insertional activation; high
levels of hybrid viral/c–myc mRNAs were detected in tumors. The same situation
was found in chicken B-lymphomas induced by CSV strain of REV [100]. (CSV
is another leukemogenic chicken retrovirus lacking an oncogene, unrelated to ALV
but classified with mammalian C-type retroviruses).

4.2 Efficient Activation of C–MYC Requires Defective Provirus:
the Transcriptional Interference and Related Phenomena

More detailed analysis of mechanisms of insertional activation indicated that the
original scheme (Fig. 4.1a) was oversimplified. The scheme, where both the 5′LTR

�

Fig. 4.1 (continued) b Nondeleted provirus–readthrough mechanism. Some transcripts initiated
at the 5′LTR promoter continue through the weak polyA site in the 3′LTR and are processed at
cellular polyA sites. Splicing takes place between the gag splice donor and the cellular splice accep-
tor. In some instances, a miniexon corresponding to the beginning of env is included. c Deleted
provirus–internal deletion. Deletion of the sequence element downstream of 5′LTR disables 5′LTR
promoter activity (see the proposed mechanism in Section 4.2 and Fig. 4.2a). Transcription of
downstream sequences is driven by the released 3′LTR promoter. d Deleted provirus – 3′LTR
deleted. Transcription starts in the 5′LTR. No readthrough is required. The env splice acceptor
competing with the cellular splice acceptor is frequently also eliminated. e Deleted provirus–
5′LTR deleted. Transcription starts in the 3′LTR promoter that was unblocked by 5′LTR deletion. f
Deleted provirus–single LTR left. Transcription of a downstream cellular gene is driven by proviral
promoter (promoter insertion). Alternatively, the authentic cellular gene promoter is stimulated by
the proviral enhancer (enhancer insertion). In case the LTR has inserted inside the gene structure
both transcription readthrough and splicing take place. g,h Enhancer insertion mechanism. Provirus
is located downstream of the gene in the same transcriptional orientation or upstream of the gene
in the reverse orientation. Transcription starting at the authentic gene promoter is stimulated by an
enhancer in the proximate LTR. Also proviruses activating by enhancer insertion carry deletions
(e.g. the internal one, as shown here); for details see Section 4.2 and Fig. 4.2b. Only schemes
validated experimentally are presented here. Obviously, further schemes combining elements of
those shown above can be conceived. Open and black boxes represent noncoding and coding parts
of exons, respectively (except for the R region inside the LTRs which, though noncoding, is also
black). Wavy lines are introns and non-transcribed regions of genomic DNA, cranked arrows indi-
cate starts of transcription, broken dashed lines indicate splicing; open triangles show the points
where deletion has occurred; dashed arrows symbolize stimulation of a promoter by an enhancer
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and the 3′LTR promoters were supposed to be simultaneously active was in con-
tradiction with the phenomenon of transcriptional interference, originally named
promoter occlusion [1]. Particularly in retroviruses it was shown that an efficient
initiation in the upstream promoter (i.e. 5′LTR) and progression through the down-
stream promoter (i.e. 3′LTR) prevents assembling of an initiation complex at the
downstream promoter and abolishes its activity [33].

The distinction between 5′ and 3′LTR is further increased by the presence of
positive regulatory elements outside the LTRs. In ALV, one such accessory element,
called gag enhancer, is located in 5′ part of the gag gene and acts preferentially on
5′LTR [3, 129]. In CSV, other accessory element lies immediately downstream of
5′LTR but does not behave like an enhancer—it is operative only when located
downstream of the promoter and only if present in the proper orientation [10].
That suggests the element performs on the transcript rather than on DNA level,
alike TAR element in HIV [25]. Since both elements selectively activate promoter
in 5′LTR, they, indirectly, through transcriptional interference, reinforce 3′LTR
promoter inhibition.

Accordingly, when the structure of LTR-initiated transcripts in unselected pop-
ulation of ALV-infected cells was carefully examined, less than 2% of them have
been found to initiate in 3′LTRs [58]. There was ca 15% of retroviral transcripts
that contained both viral and cellular sequences but these hybrid RNAs have been
generated by initiation at 5′LTR and by transcription passing through the leaky
3′LTR polyA signal into adjacent host sequences; polyadenylation took place at
a distant cellular poly A signal [58]. Hence, the expression of c–myc oncogene in
B-lymphomas could be, in theory, mediated by hybrid readthrough RNA instead of
3′LTR-initiated RNA. The readthrough RNA would have to be further processed
by splicing; if unprocessed, it would code for the viral gag/pol proteins only (see
Fig. 4.1b). The splicing would join first six codons of gag with the c–myc cod-
ing exon; incidentally, such splicing would properly, without a frameshift, join gag
and c–myc reading frames. However, the readthrough mechanism of c–myc activa-
tion was not observed in B-lymphomas (see below). Why this mechanism is not
effective in the case of c–myc in B-lymphomas (while it works quite well with
other oncogenes, see next sections) can be explained by the fact that it involves
two relatively inefficient steps: 3′LTR readthrough and splicing to c–myc second
exon splice acceptor while skipping the env splice acceptor. Apparently, the c–myc
expression levels obtained would not reach the threshold level required for chicken
B-lymphomagenesis [109].

Final resolution of activation mechanisms followed from detailed analyses of
ALV/c–myc arrangement in B-lymphomas. Extensive mapping showed that none
out of nearly one hundred of c–myc activating proviruses under study was com-
plete [49, 111, 126]. The most frequent defects were internal deletions from 0.5
to 6 kb long that included sequences in the 5′region of the provirus immediately
downstream of the LTR. Such deletions result from reverse transcriptase switching
the template during the provirus synthesis [168]. Other defects were 5′end or 3′end
deletions, some of them incurred during or after the integration since the deletion
extended into adjacent cellular sequences. Sometimes nearly all proviral sequences



4 Chicken Models of Retroviral Insertional Mutagenesis 83

were found deleted leaving only solitary LTR, probably the result of homologous
recombination between the two LTRs.

Frequent generation of defects during retrovirus propagation has been well doc-
umented [72, 79, 135, 155]. That, however, does not explain why every provirus in
c–myc locus carries a deletion while majority of other proviruses in the same cells
are nondefective. It had to be postulated that only defective proviruses could activate
c–myc and only cells with such insertion were selected during oncogenesis. Indeed,
it can be demonstrated that defects in activating proviruses eliminate obstructions
to efficient activation. When 3′ LTR is deleted (Fig. 4.1d), inefficient readthrough
step is obviated—all transcripts proceed from 5′LTR into the host sequences; more-
over, competing env splice acceptor is often also deleted which makes the splicing
from gag donor to the c–myc second exon acceptor much more efficient. When 5′
LTR is deleted (Fig. 4.1e) or there is only solitary LTR left (Fig. 4.1f), transcription
starts in the remaining LTR whose activity was released from transcriptional inter-
ference. In all the above cases the authentic c–myc promoter is still present upstream
of the inserted LTR but its activity is low and does not interfere with the LTR
activity.

Internal deletions in proviruses (Fig. 4.1c) had somewhat unexpected conse-
quences. These deletions completely turned off 5′LTR while 3′LTR became fully
active [49]. The very same situation (i.e. disabling 5′LTR by deletion of adjacent
downstream sequences) was found in c–myc activating proviruses in chicken B-
lymphomas induced by CSV [147]. This provokes a question of why 5′LTR
becomes completely inactive after losing its downstream accessory elements while
3′LTR that also does not have these elements turns fully active. Presently we can
only hypothesize that regulatory interrelations in retroviral provirus are more com-
plex then we have supposed and that any disruption of the provirus integrity can
modify activity of both LTRs in a way we are still unable to predict. The exis-
tence of additional proviral regulatory elements and interactions including mutual
interactions of both LTRs has already been suggested by [101].

The explanation can ensue when the original promoter occlusion/transcriptional
interference hypothesis is modified to comply with the present-day knowl-
edge of how distant regulatory regions on chromosome execute their effects.
Transcriptionaly active regions including retroviral proviruses form dynamic chro-
matin loop structures. Enhancer and promoter regions, together with all associated
regulatory proteins, are attached to each other at the loop base creating so called
active chromatin hub. After a pioneer round of transcription, a terminator region is
also juxtaposed to the promoter. In this way a transcriptional unit is demarcated and
recycling of transcriptional apparatus in this unit is facilitated [35, 40, 116, 159]. In
the integrated provirus, however, the situation is more intricate: there are two iden-
tical sets of enhancer, promoter and terminator (i.e. 5′LTR and 3′LTR), preceded by
original c–myc promoter plus enhancer and followed by original c–myc terminator.
Thus, several alternative looping structures may form; the final structure is a result of
mutual competition for complex formation between individual elements. We suggest
that accessory element in 5′part of the complete provirus assist preferential joining
of 5′ and 3′LTRs into the loop, presumably by itself forming part of the complex
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Fig. 4.2 Organization of transcription units controlled by promoters and enhancers of nondeleted
and internally deleted integrated proviruses: A hypothesis. a Promoter insertion. The complete
integrated provirus forms an isolated highly active transcription unit through the formation of a
compact chromatin loop structure (active chromatine hub–encircled gray area) that is stabilized by
interaction of the accessory gag enhancer with both LTRs. In this loop the transcriptional machin-
ery is permanently recycled from the 3′LTR to the 5′LTR. When the gag enhancer is deleted
(defective provirus), the proviral loop is destabilized, 5′LTR turns inactive and 3′LTR can form
the active transcriptional loop with downstream sequences. b Enhancer insertion. The complete
provirus forms the active transcriptional unit in which the proviral enhancer is engaged, as in a.
Therefore the proviral enhancer exerts no influence on regulation of neighboring genes. However,
when the provirus chromatine loop is destabilized by deletion (defective provirus), the enhancer
is free to interact with neighboring host sequences and stimulates the authentic host gene pro-
moter. All the contacts are mediated by protein complexes associated with promoter, enhancer and
terminator regions (not shown in this schematic drawing)

(Fig. 4.2a). The accessory element would thus share some functional properties
with the promoter targeting sequence (PTS) described in Drosophila which pro-
motes association of a specific enhancer with a specific distant promoter even when
an insulator/enhancer blocker element is present between them [80, 170].

The 5′LTR—3′LTR chromatine hub may be arranged so that an initiation com-
plex is formed only in 5′LTR promoter; however, the existence of the loop itself is
sufficient to determine which of the two proviral promoters remains active. When
transcription starts in 3′LTR, the transcription complex leaves the loop and new
round of promoter selection begins; when transcription starts in 5′LTR, the promoter
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in 3′LTR is silenced by transcriptional interference and transcription machinery is
permanently recycled from 3′LTR back to 5′LTR. In such arrangement, enhancers
in both LTRs may stimulate transcription from a single, 5′LTR promoter—the effect
observed by [101]. When internal proviral accessory element is deleted as it is the
case in most of the c–myc activating proviruses the proviral transcriptional unit is
destabilized and other looping structures preferentially form including the 3′LTR—
c–myc polyA loop that demarcates new, highly active c–myc transcriptional unit
(Fig. 4.2a).

In several tumors [49, 111, 126], the provirus was located upstream of c–myc
in the reverse transcriptional orientation or downstream of c–myc in the same tran-
scriptional orientation (Fig. 4.1g and 1h). Such arrangement did not conform with
the promoter insertion model as transcription starting from any provirus LTR could
not proceed to c–myc sequences. Nevertheless, substantially increased levels of the
c–myc mRNA have been found. Its synthesis started at the authentic c–myc promoter
the activity of which was, apparently, stimulated by juxtaposed powerful enhancer in
proviral LTR. This configuration has been denominated “enhancer insertion”. It has
been reported that also isolated LTR can activate by the enhancer insertion mech-
anism [81]: in two B-lymphoma lines carrying a single LTR insertion in the first
c–myc intron in the same transcriptional orientation the LTR-contained enhancer
stimulated transcription from the original c–myc promoter while the LTR-contained
promoter was silenced by transcriptional interference (Fig. 4.1f).

Also proviruses activating c–myc by enhancer insertion have been shown to carry
internal deletions [49, 126]. That is not surprising when we accept the model pre-
sented in previous paragraphs: to be able to attach and stimulate c–myc promoter,
the relevant proviral enhancer must first be released from the complex with other
proviral elements. Deletion of accessory elements in 5′ part of the provirus may be
the easiest way of such enhancer liberation (Fig. 4.2b). Obviously, previous reason-
ing presumes that proviral enhancer cannot make a complex with and stimulate two
promoters simultaneously. Such assumption is quite acceptable considering very
condensed arrangement of the enhancer into less than 100 bp; it is also in com-
pliance with the provirus tendency to form isolated highly active transcriptional
unit.

The support for the above model can be found in a way how MLV and FeLV
activate oncogenes. They do it predominantly by enhancer insertion mechanism;
however, in contrast to ALV, activating MLV and FeLV proviruses are generally
not defective [97, 143]. At first sight it may seem to contradict the proposed
model. However, the opposite is true. The above model can, in fact, explain one
peculiarity of oncogenesis by MLVs and FeLVs: absolute majority of activating
proviruses carry enhancer duplications or even higher level multiplications. For
example, lymphomagenesis in some mice strains like AKR relies on spontaneous
genesis of oncogenic recombinants (named MCF, mink cell focus-forming virus)
from endogenous MLV proviruses present in the strain. Indispensable component
of the oncogenic MCF recombinant is a presence in LTR of two copies (in tan-
dem) of strong enhancer acquired from an endogenous provirus in which only
single copy of the enhancer is present [143]. Highly lymphomagenic exogenous
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MLV strains isolated from naturally occurred tumors, like Mo–MLV, already con-
tain duplicated enhancer [25]. In tumorigenic exogenous FeLVs there is only a
single copy of an enhancer; however, in induced T-lymphomas, where c–myc is
activated by the enhancer insertion mechanism, all activating proviruses carry tan-
dem enhancer duplication acquired always de novo during infection of the animal
[97].

The enhancer duplication was shown to have only mild effect on virus replica-
tion and provirus transcription. When single-enhancer MLV or FeLV viruses are
propagated in culture the anticipated variants with duplication do not arise (or, more
accurately, are not positively selected for). Hence, rather than being important for
the virus spread in the animal, the duplication is required for the mechanism of onco-
genesis itself [97, 143]. We suggest that presence of tandem copies of an enhancer
enables provirus 5′LTR to form two chromatin loops simultaneously. While one
enhancer is engaged in the formation of proviral transcriptional unit the other one
may contact oncogene promoter; no provirus defect is needed for the oncogene
activation.

To summarize, distinct ways of how to make provirus capable of strongly
affecting host genes are being employed during lymphomagenesis by avian versus
mammalian retroviruses. In the ALV model, compactness of the proviral transcrip-
tional unit is broken by different types of provirus deletions, mostly by deletion
of the accessory element outside the LTR. Transcription of proximate host genes
is then driven by the promoter of defective provirus (mechanism of promoter
insertion). In MLV and closely related FeLV, however, no internal accessory ele-
ments have been reported. It is possible that compactness of the MLV and FeLV
transcriptional units is not dependent on internal accessory elements; thus it can-
not be so easy disrupted by provirus deletion. Instead, another way to generate
strongly activating proviruses is realized: enhancer multiplication that capacitates
provirus to boost transcription of neighboring genes from the genes’ own pro-
moters at a distance (mechanism of enhancer insertion). Accordingly, while the
mechanism of oncogene activation by enhancer insertion is found only excep-
tionally in chicken models, it is the dominating mechanism in MLV and FeLV
models.

In this context it would be interesting to find out how gene activation works in
MMTV model, where enhancer insertion is also the prevalent mechanism. Though
the data concerning structural changes in oncogene-activating MMTV proviruses
are scarce, it seems that in mammary carcinomas neither deletion nor enhancer
duplication takes place [102] while in variant MMTV-induced T-lymphomas
enhancer multiplications may play an important role [6, 14]

For the sake of completeness we have to mention additional possible effects of
provirus insertion that have not been discussed above. First, an important part of
insertional activation mechanism may be separating negative regulatory elements
like silencers from the oncogene promoter. Eventually, cellular transcription paus-
ing sites may be shifted away from the transcription unit by the provirus insertion.
Presence of negative elements is easy to imagine in cases where the activated
gene has been completely inactive before provirus integration. These mechanistic
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details, however, are commonly not addressed by the investigators. Second, the
range of effects incited by the provirus integrating into the gene structure is not
limited to the level of transcription. For example, any change in mRNA structure
(truncation, fusion with viral sequences, activation of cryptic promoters and splic-
ing or polyadenylation sites etc.) may have profound impact on its export from
the nucleus, stability, and rate of translation. In mouse models, the most common
mechanism of this type may be the frequent truncation of 3′untranslated regions
containing destabilizing AT rich sequences as well as target sequences for miR-
NAs which downregulate both stability and translatability of affected mRNA. Such
effects during insertional activation have occasionally been suspected or even doc-
umented, see e.g. [20, 61, 132–134, 152], but only recently have also been more
thoroughly analyzed [34].

4.3 Readthrough Activation of C–MYB in B-lymphomas:
the Case of “Superactivating ALV”

When 10–14 day old embryos, instead of newly hatched chickens, were intra-
venously injected with ALV, some of them developed, primarily in livers, highly
aggressive B-lymphomas after latency of only several weeks (from now on these
tumors will be called short latency lymphomas as opposed to long latency lym-
phomas arising after infection of newborn chicks—see Section 4.2). In most of
short latency lymphomas ALV provirus was detected around (upstream, inside or
downstream) the first exon of the c–myb gene, a cellular progenitor of retrovi-
rally transduced oncogene v–myb [23, 117, 118]. The proviruses had no defects and
were integrated in the same transcriptional orientation as the c–myb gene. Chimeric
ALV/c–myb mRNAs were synthesized by a typical readthrough mechanism (see
Section 4.2 and Fig. 4.1b): they were initiated in 5′LTR, polyadenylated at c–myb
polyA site and processed by splicing the ALV gag donor to the c–myb second exon
acceptor. Gag and c–myb were not coded by the same reading frame in this mes-
sage. Moreover, gag start codon was followed by three in frame stop codons at the
beginning of c–myb; translation of c–myb relied on reinitiating at the codon 21. The
produced slightly truncated protein was strongly oncogenic, in contrast to the wt
protein [63].

Profound effect of infection timing suggests that target cells for short latency
lymphomas are different from target cells for long latency lymphomas (presumably
prebursal stem cells versus bursal stem cells) and that the first ones are absent in
chickens after hatching [118]. In consequence, different target cells are sensitive
to activation of different oncogenes (c–myb versus c–myc). Consistently, no lym-
phomas develop when infection of the bursa is postponed to the time when bursal
stem cells are no more present (ca 3 weeks after hatching), even in animals with
subsequent strong lifelong viremia [15].

The frequency of short latency lymphomas and c–myb activations were consid-
erably increased when specific recombinant ALV strains were used for infection.
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In these “superactivating” strains an element in the 5′part of gag gene, called nega-
tive regulator of splicing (NRS), was knocked out by either deletion or mutation
[8, 71, 119, 136, 138]. NRS has two roles in ALV both of which help to ful-
fill peculiar requirements of retroviral replication: to leave substantial proportion
of retroviral RNA unspliced and, at the same time, to ensure polyadenylation at
the 3′end of such RNA (which is generally coupled to splicing); for details see
[24, 84]. To this end NRS first acts as a pseudo-splice donor, forming nonproductive
splicing complexes with downstream acceptors thus blocking them from splicing
to authentic donor sites. Second, by binding factors that interact with polyadeny-
lation machinery, NRS helps to recruit and stabilize processing complexes at the
3′LTR polyA site. The second effect is dependent on the first one, since only the
formation of an abortive splicing complex between NRS and downstream splic-
ing acceptor brings NRS close enough to 3′LTR polyA site to exert its effect on
polyadenylation [84].

As shown by [93] on RSV model, deletion of NRS has serious consequences
to viral RNA processing. First, 3′LTR readthrough is strongly elevated (up to over
50%). Second, while the frequency of splicing from the gag donor to the env accep-
tor is, surprisingly, little affected, the splicing to a more distant acceptor is boosted
ca four times. Similar (though less conspicuous) effects were observed for “superac-
tivating” ALVs with the mutated NRS [105, 138]. Thus, when such ALV integrates
upstream of a cellular gene, the spliced readthrough mRNA coding for the cellular
gene is produced with much higher efficiency compared to wt ALV.

4.4 Insertional Activation Can Be Accompanied by Extensive
Alterations of the Oncogene Structure and by Formation
of an Oncogene-Transducing Virus: the Case of Chicken
Erythroblastosis

Besides short- or long-latency B-lymphomas, chickens infected with ALV can
infrequently develop other types of neoplasia (see Section 4.8). Among them,
the most thoroughly analyzed was erythroblastosis, a disease characterized by
uncurbed proliferation of erythroblasts with arrested differentiation. In sensitive
chicken strains high amounts of erythroblasts appear in blood ca 2 months after
infection with ALV; at the same time they start to massively infiltrate spleen and
liver causing rapid death of the animal. Paradoxically, erythroblastosis is often
accompanied by anemia since feedback mechanisms triggered by the flood of trans-
formed erythroblasts block further development of nontransformed red blood cell
precursors.

In 1983, recurrent insertional activation of the c–erbB protooncogene (or
EGFR—epidermal growth factor receptor gene) in chicken erythroblastosis was
first reported [46]. Further papers [50, 92, 99, 123] described peculiar molecu-
lar details of this activation. In all analyzed cases, the full-length ALV provirus
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was integrated in the same intron in the middle of c–erbB gene in the same
transcriptional orientation. High levels of c–erbB specific mRNAs were pro-
duced. The mechanism of activation was much the same as activation of
c–myb in short latency B-lymphomas (Section 4.3): readthrough transcript start-
ing in 5′LTR and polyadenylated at one of the two authentic c–erbB polyA sites
was processed by splicing that brought c–erbB coding sequences close to the start
of mRNA (Fig. 4.1b). There were, however, two differences. First, mRNA process-
ing was more complex. An alternative short exon demarcated by env splice acceptor
and cryptic splice donor 159 bp downstream was included in high proportion of mes-
sages. Second, the extent of oncogene truncation was much more extensive then in
the case of c–myb. The protein encoded by the spliced mRNAs consisted of 6 AA of
gag (plus 53 AA of env in some messages) fused to the C-terminal part of c–erbB. In
both protein versions the N-terminal part—the EGF binding extracellular domain—
was missing. Such truncation is known to result in a constitutive kinase activity of
the receptor [77]. It was suggested that the 53 AA+ version of activated c–erbB may
be the major mediator of oncogenesis. The alternative short exon codes for a signal
peptide that normally targets env protein for membrane translocation. This function
was retained also in a fusion with truncated c–erbB, where it substituted for missing
authentic c–erbB signal peptide. During the processing the 53 AA+ protein had the
signal sequence cleaved off, was fully glycosylated and exposed on the cell surface,
in contrast to the 53 AA– version, which was only partially glycosylated and was
not exposed on the cell surface [85].

The frequency of erythroblastosis is just several percent in most chicken strains
including outbred flocks; there are however inbred strains that develop ALV-induced
erythroblastosis with penetrance ca 80%. This sensitivity is a dominant trait not con-
nected with the ability of ALV to activate c–erbB, but rather determining sensitivity
of the animal to such activation [127].

In high proportion of tumors the situation was obscured by formation of
c–erbB-transducing recombinant virus. While oncogene transduction is generally
a rare event [25], highly leukemogenic viruses carrying truncated version of c–erbB
can be isolated from up to 50% of chickens with ALV-induced erythroblastosis
[92, 124]. That has made erythroblastosis an attractive model and rich source of
material for studying mechanisms of transduction. For nearly all other isolates of
acutely transforming retroviruses the original tumor where the virus has originated
is not available and the virus has further evolved during repeated passages since
then. Here, by comparing sequences of the transducing viruses with sequences of the
insertionally activated c–erbB genes and fusion mRNAs synthesized in the tumors
it was possible to confirm basic scheme of transduction as suggested earlier. Details
of the mechanism are beyond the scope of this book; for them, see [25, 59, 92, 124,
128, 146]. The important point is that the first step of transduction is the synthesis
of hybrid mRNA containing both the retroviral and oncogene sequences, i.e. the
transduction is preceded by an insertional mutagenesis. Hence it is not surprising
that the sites of truncation in insertionally activated c–erbB and in the transduced
v–erbB precisely coincided.
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4.5 Chicken Nephroblastomas Induced by MAV: Complex Model
Suitable for High Throughput Oncogene Screening

In previous chapters we have described mechanisms of insertional mutagenesis by
retroviruses in hematopoietic cells, which led to the identification of several onco-
genes. Each of the models has been dominated by a single CIS. Hematopoietic
malignancies are generally characterized by a less diverse pattern of mutated genes
than solid tumors. Solid tumors, especially carcinomas, display high complexity
and variability of karyotypic alterations, which seriously complicates the search for
oncogenes and tumor suppressor genes in these tumors [94]. The complexity prob-
ably results from the complex homeostatic control of cells in solid tissues which
must be overcome. Thus, finding appropriate model tumors which would enable
a large-scale search for solid tumor oncogenes and tumor suppressor genes has
been a challenge. The models based on MAV retroviruses are among the successful
ones.

MAV–1 and MAV–2 (myeloblastosis-associated viruses 1 and 2) are simple
slowly oncogenic retroviruses classified with ALVs. They differ by their env gene
(and, consequently, by host specificity), MAV–1 belonging to subgroup A, MAV–2
to subgroup B. They are highly homologous to other ALVs except one region: the
U3 part of LTR, the region containing proviral enhancer/promoter and playing cru-
cial role in insertional activation (see Sections 4.1 and 4.2). It is this MAV-specific
region that confers very distinct oncogenic potential on MAV retroviruses [67].
When MAV–1 or MAV–2 are injected into 12 day old embryos or newly hatched
chicks they induce nephroblastomas with efficiency 70–100% depending on chicken
strain. Multiple tumors become visible on kidney of an infected animal as early as 2
months after infection and they rapidly grow into massive size [68, 140, 158, 160].

The chicken nephroblastomas are embryonic tumors derived from nephrogenic
blastema cells which persist in the newborn kidney for several days after hatching.
They consist mainly of undifferentiated mesenchyme and aberrant differentiating
epithelial renal elements reminiscent of developing kidney. They are comparable
to human nephroblastomas—Wilms’ tumors both by their histology and presumed
target cells of tumorigenesis [7, 11, 56, 62].

First attempts to identify CISs in chicken nephroblastomas had only limited suc-
cess. Two groups reported two different loci hit by proviral integration in chicken
nephroblastomas—Ha–ras [160] and nov/ccn3 [68]. Although deregulation of these
genes in the chicken or mammalian cells have been proven to result in a transformed
phenotype, each of them have been found hit only in a single case and therefore they
could not be classified as CIS.

Restriction mapping of integration sites in clonal nephroblastomas using
Southern blot analyses revealed unexpectedly complex pattern from which exis-
tence of CISs could not be definitely inferred [114]. Three interpretations have been
put forward. Firstly, there may be a major CIS but it represents region too large to
be disclosed by restriction mapping on the background of several further integrated
proviruses in each nephroblastoma clone. Secondly, there might be no major CIS
but rather numerous less frequent ones. Thirdly, activating proviruses could carry
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deletions similarly to the situation in B-lymphomas which would invalidate the used
mapping strategy.

Later on, an improvement of the techniques for isolation and analysis of provirus-
flanking sequences enabled more comprehensive survey of VISs (“Viral Integration
Sites”) in nephroblastomas. As described in Section 4.2, defective proviruses are
very potent mutagens and deletion in the provirus may be a prerequisite for onco-
gene activation. Frequent occurrence of defective proviruses in nephroblastomas
has been documented before [115, 140, 160]. Therefore, to start with, molecular
cloning of VISs harboring defective proviruses in six randomly chosen nephroblas-
tomas have been carried out, leading to identification of the insertionally activated
gene twist. Subsequent screening of a panel of chicken nephroblastomas have shown
that the twist gene is the first true CIS in these tumors—it was hit in approximately
4% of analyzed tumors [107].

These results strongly favored the hypothesis of numerous rather infrequent CISs
in the chicken nephroblastomas. To prove it, high throughput screening of VIS in
hundreds of nephroblastoma samples had to be performed. To achieve a maximum
coverage of VISs, two independent and overlapping methods for the VIS identifica-
tion were employed [108]: inverse PCR (iPCR) and LTR-based rapid amplification
of 3′cDNA ends (LTR RACE). The iPCR technique provided genomic sequences
flanking the integrated provirus. The technique was optimized to the level when
flanking sequences of all clonally integrated proviruses could be gel-isolated after
single PCR reaction; routine VISs recovery was 90–100% in each tumor. LTR–
RACE technique provided sequences of mRNA species containing provirus LTR
at its 5′end, including hybrid mRNAs generated by readthrough transcription or
by transcription starting in the promoter of a defective provirus (see Section 4.2
and Fig. 4.1). LTR–RACE analysis covered up to 30% of VISs. The lower yield
achieved by LTR–RACE is compensated by the fact that found VISs were the most
relevant ones—those where high expression of cellular sequences was driven by
an integrated provirus. At the same time, the structure of LTR–RACE products
revealed details of the mechanism of host gene activation. Importantly, both tech-
niques detected only insertions present within a substantial proportion of tumor cells
as opposed to currently used sequencing strategies that record also oncogenically
unselected integrations present even in a single cell.

To date more than 1100 unique VISs have been identified in 187 MAV-induced
nephroblastoma clones [108] and (Pajer, unpublished). Out of them 69 candidate
tumor-related loci (denominated NALs, “nephroblastoma associated loci”) have
been selected according to any of the following three criteria:

(a) two and more VISs in a close genomic distance; the distance limit was set
arbitrary to 20 kb;

(b) two and more VISs within one annotated gene;
(c) VISs from the tumors harboring only a single integrated provirus as demon-

strated both by Southern blot hybridization and iPCR; to date only three such
samples have been found.
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It should be emphasized that not all candidate NALs necessarily have to represent
cancer-related genes, especially those hit by a provirus in two samples only. It has
been shown that using the sole criterion of multiple insertions into the same locus
in retroviral oncogene screens may lead to high proportion of false positives in con-
sequence of retroviral integration preferences [163]. The most relevant loci (those
hit in at least four tumors) were the foxP1, the plag1, the twist, and the c–Ha–ras.
FoxP1 (forkhead box P1) encodes a widely expressed transcription factor impor-
tant for heart, lung and lymphocyte development; it was shown to function either
as an oncogene or a tumor suppressor gene depending on cell type [76]. Plag1
codes for a zinc finger transcription factor in humans expressed only in embry-
onal tissues; its inapropriate activation is responsible for induction of several types
of human tumors [151]. Twist encodes a basic helix-loop-helix transcription factor
regulating epithelial–mesenchymal transition during embryogenesis and metastasis
and supporting survival of cancer cells [2, 22].

Analysis of produced mRNAs and provirus alignment in the selected CISs
showed that the molecular mechanism of activation was different in each case (see
also Fig. 4.3). All twist-activating proviruses were integrated in the same transcrip-
tional orientation in a narrow region just upstream of the twist initiation codon and
most of them carried various deletions or rearrangements, alike the ALV proviruses
activating the c–myc gene in chicken B-lymphomas (Section 4.2, Fig. 4.1c–f). Very
high expression of twist mRNA was driven mostly by 3′LTR promoter. Neither nor-
mal adult kidney nor nephroblastomas without MAV insertion in the twist locus did
contain detectable amount of twist mRNA while moderate level of twist mRNA was
detected in the embryonic kidney.

Similarly, in tumors with activated plag1 gene very high levels of the plag1
mRNA were found. This RNA was generated by a readthrough mechanism followed
by splicing between the MAV gag donor site and the plag1 second exon acceptor
site, much like during c–myb activation in short latency lymphomas (Section 4.3,
Fig. 4.1b). The hybrid mRNA coded for full-length plag1 protein.

A strikingly different situation was found in the case of foxP1. Proviruses were
inserted downstream of the first or second foxP1 coding exons mostly in the same
orientation as the gene’s transcription. No gross change in overall expression of
foxP1 mRNA has been observed in any tumor harboring affected allele of the gene.
Hybrid MAV/foxP1 mRNAs, however, could be detected and analyzed using RT–
PCR; they coded for the N-terminally truncated FoxP1 proteins. Further analysis of
the effect of foxP1 truncation was complicated by the existence of alternative start-
ing points, alternative exons and alternative polyA signals in foxP1 gene. Moreover,
it has been observed that both the amount and subcellular localization of FoxP1 pro-
tein was highly variable in individual nephroblastoma samples, including those not
harboring viral integration in foxP1 gene.

As to the c–Ha–ras activation, provirus insertions have been found in
5′untranslated region of the gene in the same transcriptional orientation. Both hybrid
MAV/c–Ha–ras mRNAs and normal c–Ha–ras mRNAs were observed; the hybrid
mRNAs coded for normal c–Ha–ras protein but they were missing 5′untranslated
region present in normal c–Ha–ras mRNA. The overall level of c–Ha–ras mRNA
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Fig. 4.3 Genomic organization, distribution of insertion sites and mRNA expression in
selected CISs. The CISs were identified in chicken nephroblastomas (foxP1, plag1, twist and Ha–
ras) or lung sarcomas (frk). Sites and orientations of individual proviral insertions are indicated
by arrows. Positions of translation initiation are marked by asterisks. Panels to the right show
Northern blot hybridization profile of a few representative tumor samples, except for the frk locus
where RT–PCR profile is shown. The samples harboring a provirus in the given locus are marked
by arrows

was the same in nephroblastomas with or without insertion in c–Ha–ras locus and
in the normal kidney. No point mutations, the archetypal mode of Ha–ras activation
in human and mouse tumors, have been found (Pajer, unpublished). How such “acti-
vation”, which affects neither mRNA level nor the structure of the produced protein
can participate in nephroblastoma induction is not clear. We suggest that deleting
5′untranslated region might result in the increased translation of the hybrid mRNA.
Alternatively, Ha–ras activation could be important only during the induction stage
in nephroblastema cells, the target cells of oncogenesis—for instance, if basal level
of Ha–ras expression is low in these cells (hit and run hypothesis).

The results draw a highly complex picture of virus-induced mutations in
nephroblastomas. Out of 69 candidate NALs only four were hit in a reasonable
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percentage of samples: the foxP1 (in about 6% of tumors), the plag1 (ca 5%
of tumors), the twist (ca 3% of tumors) and the c–Ha–ras (ca 2% of tumors).
All the identified NALs together would explain for induction of ca 130 out of
197 nephroblastomas (ca 65%). Evidently, many alternative cancer-related genes
(or combinations of them) may be deregulated by the provirus integration in
nephroblastomas.

The special feature of the chicken nephroblastoma model is the high efficiency
of infection of nephrogenic blastema cells [114, 160]. Each cell acquires numer-
ous integrations thus generating enormous amount of combinations of insertional
mutations. These facts establish the chicken nephroblastoma as a perfect model for
the study of oncogene/tumor suppressor gene cooperation during multistep tumor
induction.

4.6 Extension of Spectrum of MAV-Induced Tumors By Local
Homeostasis Perturbation: Lung Sarcomas, Liver
Carcinomas and the Industasis Phenomenon

In about 7% of MAV–2-infected animals late lung sarcomas or liver carcinomas
developed in addition to nephroblastomas. These tumors were independent primary
clonal outgrowths, not metastases originated from the nephroblastoma as shown by
distinct patterns of proviral integrations. While nephroblastomas and liver carcino-
mas appeared as nodules clearly separated from normal tissue, the lung sarcomas
were highly invasive: one tumor clone was frequently disseminated into several
foci in both lungs and in some animals these foci constituted majority of lung tis-
sue [106]. Presence of considerable amount of tumor cells could even be detected
by PCR in macroscopically normal lung tissue samples (Pajer, unpublished). Both
types of late tumors would represent new interesting models for oncogene screening
if it were not for the crucial drawback: they were too rare to provide enough samples
for thorough analysis.

The obstacle of low penetrance was cleared by discovery that injection of MAV–2
producing chicken cells instead of virions intravenously into the embryos or newly
hatched chickens changes formerly rare tumors into frequent ones. In the case of
lung tumors the process of tumorigenesis was also markedly accelerated—the lung
tumors appeared in most animals within 1–2 months after cell injection, prior to
nephroblastomas and liver tumors, the latency of which did not change. The cell-
assisted tumors did not differ from the rare ones neither by gross morphology nor
by histology. Preventing the division of injected MAV–2 producing cells by treat-
ment with mitomycin did not abolish their ability to promote tumor formation.
Consistently, the cell-assisted lung and liver tumors were shown to be of the host
origin and not to contain detectable amounts of the injected cells [106] and (Pajer
et al., in preparation).

Surprisingly, the same tumor-promoting effect was observed when animals were
injected first with MAV–2 virus at embryonal day 12 and then with uninfected
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chicken embryonal fibroblasts 9 days later, shortly after hatching. At that time all tis-
sues of the animal including lungs and liver were already fully infected, suggesting
that injected cells do not function only as reservoirs spreading virus in the animal.
This conclusion was further supported by the fact that injected cells affected nei-
ther the spectrum of infected tissues nor the level of their infection. However, when
injections were carried out in the opposite order, i.e. the virus was injected 9 days
after the cells, no tumor promotion was observed [106]. This fact suggests that the
tumor-promoting effect of the injected cells persists not longer than several days.

To follow the fate of the injected cells, [35S]methionine-labelled embryonal
fibroblasts were used and monitored in individual embryonic tissues both by
total tissue radioactivity and by paraffin-embedded section autoradiography. The
experiments showed a prompt passage of the injected cells from blood into the
tissues where they settled as individual stray cells. 20 h after injection the cells
were detected in all analyzed embryonic tissues including brain; the highest levels
were found in the liver, kidney, and lungs while the residual levels in the blood were
very low.

Based on these observations the concept of industasis was proposed—a promo-
tion of fully malignant phenotype of an incipient tumor cell by a stray cell through
a disruption of local homeostasis; for details see [106]. It was suggested that the
phenomenon of industasis might be the underlying cause of many human multiple
primary tumors when a stray cell released by an advanced tumor promotes tumor
formation from another, mutated and potentially malignant cell that was kept under
control by tissue homeostasis.

Besides its potential impact on our understanding of mechanisms of oncogenesis
in general, the industasis fenomenon advanced the model of MAV–2 insertional
mutagenesis as it enabled a large scale analysis of lung and liver tumors. Both
rare virus-only-induced and frequent cell-assisted tumors have been searched for
CISs using the same methods as described in Section 4.5, i.e. iPCR and LTR
RACE. Quite dissimilar pattern of CISs was revealed in the lung versus liver
tumors; importantly, however, there was no difference between the rare and the
cell-promoted tumors [106].

In contrast to nephroblastomas, where numerous low frequency CISs have been
found, lung sarcomas were dominated by a single one. In more than 95% lung
tumors a provirus insertion was observed in the gene frk/rak [106] and (Pajer
et al., unpublished); no other CIS was identified. The frk (fyn-related-kinase gene)
encodes a tyrosine kinase expressed in humans predominantly in epithelial tissues
[19]. It was shown to act as a tumor suppressor gene that negatively regulates
PI3K/Akt pathway through stabilisation of PTEN, another tumor suppressor and
negative regulator of PI3K [13, 167]. Surprisingly, frk-knockout mice displayed
very mild phenotype and no increase in tumor incidence [21]. The model of chicken
lung sarcomas has demonstrated for the first time the oncogenic capability of frk
overexpression, previously being only suspected [60].

The provirus/frk arrangement was much alike provirus/c–myc arrangement in
B-lymphomas: defective proviruses had integrated in the same transcriptional
orientation into a very narrow area within the promoter/5′UTR region in front
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of the gene’s coding sequences. Most defects were internal deletions compris-
ing the enhancer element in 5′part of gag (Pecenka et al., in preparation). High
levels of MAV–2/frk hybrid mRNA initiating in the proviral 3′LTR have been
detected in all samples carrying provirus insertion in the frk locus. The pro-
tein coding sequence was not afflicted in any sample. No frk expression was
detectable neither in tumors with unaffected frk locus nor in the non-tumor lung
tissue [106].

In liver tumors, the pattern of CISs was more variable and different from
the pattern in kidney or lung tumors (Pajer et al., in preparation) and (Pecenka
et al., in preparation). The vast majority of liver tumors carried MAV–2 provirus
inserted within one of four genes: c–Ha–ras (39% of tumors), c–erbB/EGFR (32%),
c–ron/c–stk/c–sea/MST1R (11%) or c–met/HGFR (7%); no other CIS was recorded.
The last three genes encode receptor tyrosine kinases expressed in many types of
epithelial cells and implicated in several carcinoma classes in humans [47, 104,
156]. Interestingly, they all control, among others, signaling pathways converging
on the c–Ha–ras, the most frequently activated gene in chicken liver tumors. That
suggests that activation of the c–Ha–ras signaling is the pivotal disturbance in all
MAV–2 induced liver tumors and that insertions into four alternative genes might
be just four different ways how to affect c–Ha–ras and pathways downstream of
it. Consistently, simultaneous activation of two or more of these genes in the same
tumor was never observed, though, on mere statistical basis, c–Ha–ras should be
hit in about one third of tumors with c–erbB activation and vice versa. It must be
pointed out, however, that the screen did not comprise genes connected with pro-
gression steps since all samples analyzed were early stages of tumor development,
according to terminology of [73] classified as preneoplastic nodules or adenomas
(Pajer et al., in preparation).

Similarly to nephroblastomas, c–Ha–ras gene was activated by provirus inser-
tion into the gene’s 5′untranslated region; the c–Ha–ras coding sequences were
preserved. Alike in nephroblastomas, no point mutations have been found. Unlike
nephroblastomas, however, insertions resulted in substantial overexpression of
hybrid MAV–2/c–Ha–ras mRNA initiating in the proviral 3′–most LTR. All activat-
ing proviruses have been heavily rearranged including large deletions, duplications
and inversions (Pecenka et al., in preparation).

The mode of c–erbB activation resembled the situation in ALV-induced ery-
throblastosis (Section 4.4): all proviruses had integrated into the same intron in the
middle of the gene. That resulted in high expression of hybrid mRNA encoding the
N-terminally truncated c–erbB/EGFR fused to the first 6 AA of gag gene. Contrary
to erythroblastosis the c–erbB-activating proviruses had been heavily rearranged
much alike the c–Ha–ras-activating ones. Due to the provirus rearrangement, vari-
ant mRNA containing env mini-exon described in erythroblastosis model could not
be generated.

The c–ron activation paralleled the c–erbB activation in all aspects described
above including the truncation of gene’s 5′part that codes for the receptor’s extracel-
lular ligand-binding domain. Alike in case of c–erbB, N-terminal truncation confers
constitutive kinase activity on c-ron protein [82].
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The details of c–met activation could not be conclusively established since
RNA from these tumors was not available. Based on DNA analysis it seems that
the integrated defective proviruses could drive overexpression of the full-length
protein—they were located upstream of the gene’s initiation codon (in the promoter
or 5′untranslated region), in the same transcriptional orientation.

4.7 Evidence of Multistage Cancerogenesis in Chicken Models

Tumors are end products of successive evolution through selection of progressively
more malignant cell subclones which is reflected by complex pattern of accumu-
lated mutations of oncogenes and tumor suppressor genes (“cancer genes”). Such
complex pattern is typical for human tumors and has also been found in mouse
tumor models. In majority of chicken models the mutational pattern seems to be
quite simple (see previous Sections); that may, however, be just due to the absence
of thorough high throughput analyses. Nevertheless, the multistep nature of onco-
genesis in chicken models can be evidenced by studying progressive evolution of
tumors.

The examination of early stages of B-lymphoma development (Section 4.1)
showed that cells with a proviral integration in the c–myc locus appear early after
ALV infection. The chicken Bursa of Fabricius is compartmentalized into ca 10 000
follicles which are colonized by B-cell progenitors during late embryonic develop-
ment [103]. One month after ALV infection of young chicks, up to 100 hyperplastic
transformed follicles are observable in bursa. Each of them represents a clonal out-
growth of a different cell with activated c–myc [9, 48]. The hyperplastic state is not
a consequence of accelerated proliferation but of blockage of lymphoblast differen-
tiation and emigration from bursa [12]. Nearly all transformed follicles disappear
during bursa involution, only one or a few (if any) of them progress to the stage of
B-lymphoma. Distinct and (to a lesser extent) overgrown clones of cells with acti-
vated c–myc gene have also been observed 1 month after infection in tissues where
primary tumors do not develop (spleen, bone marrow). Thus, c–myc activation is the
early step in oncogenesis, but it is not sufficient for B-lymphoma formation; further
steps must follow. Indeed, when chicken B-lymphomas were searched for additional
CISs, the gene bic coding for regulatory RNA miR–155 was found insertionally
activated in a significant proportion of chicken B-lymphomas, most frequently
in metastases together with activated c–myc [23, 38]. Undoubtedly, an extensive
analysis of chicken B-lymphomas would discover further activated genes coop-
erating with c–myc during tumor development much like in mouse MLV-induced
T-lymphomas where many such genes have already been found [91, 142].

A very similar situation was observed during short latency lymphoma devel-
opment (Section 4.3). Here the c–myb gene was found activated in hyperplastic
follicles in bursa early after infection. Contrary to long latency B-lymphomas, emi-
gration of the transformed lymphoblasts was not fully blocked. Cells harboring
activated c–myb also infiltrated neighbouring follicles (without compromising the
structure of bursa) so that substantial proportion of bursa was formed by clusters



98 V. Pečenka et al.

of hyperplastic follicles [98, 117]. While bursa mostly stayed in a hyperplastic state
without tumors, the lymphoblasts released from it pervaded liver (plus bone marrow
and other organs) and formed B-lymphomas there. Even in chicks which eventually
developed no lymphoma, the bursa of Fabricius was mostly overgrown by oligo-
clonal population of cells with activated c–myb. Obviously, lymphoblast clones with
activated c–myb had a strong advantage when populating bursa, but absolute major-
ity of them did not progress to form tumors. Thus, again, c–myb activation is only
one event in a multistep process of oncogenesis. The additional steps, however, seem
mostly not to involve insertional activation since a high proportion of short latency
B-lymphomas contain only a single ALV provirus—the one in the c–myb locus [71].

Recently, a frequent insertional activation of telomerase reverse transcriptase
gene (TERT) was discovered in short latency B-lymphomas [165]. Activation of
TERT and c–myb, however, seem to represent alternative, not cooperating events
since tumor clones carrying activated TERT did not contain activated c–myb and
vice versa.

Also the development of erythroblastosis (Section 4.4) shows the same signs
of multistep tumorigenesis: multiple distinct clones of cells with insertionally acti-
vated c–erbB originate and overgrow in hematopoetic tissues but only one or few
clones in spleen or bone marrow go on to form a tumor [48]. So far, no search for
c–erbB-cooperating genes in chicken erythroblastosis was performed. Similarly, no
systematic attempts to identify cooperating oncogenes in MAV-induced tumors have
been carried out yet.

It must be emphasized that some steps in a multistage retroviral oncogenesis
may have no relation to provirus insertions. Spontaneous mutations and chromoso-
mal rearrangements, the major mechanisms operating during human tumorigenesis,
may be involved, especially when we realize the huge reservoir of premalignant
cells created by the first step of tumorigenesis, i.e. by the insertional activation of
an oncogene. However, to discover genes affected by stochastic processes is incom-
parably more difficult than to pick up genes tagged by integrated proviruses and
relevant technologies are very labor-intensive and costly. Consequently, no data are
available about possible involvement of point mutations or chromosomal rearrange-
ments in the models described above. Limited searches for Ha–ras mutations in
chicken nephroblastomas and liver tumors (Pajer, unpublished) provided negative
results.

4.8 The Future of Models Based on Chicken Retroviruses

During the last years the effort to identify genes implicated in cancer induction
and development (“cancer genes”) has intensified. High throughput forward genetic
screens based on insertional mutagenesis have been employed and transposons as
a new versatile insertional mutagens have been introduced [37, 150]. Supremely
informative data started to be acquired by genome-wide analyses of human tumors
[29, 144]. All this effort is driven by hopes that with detailed knowledge of “genetic
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landscape of cancer” it will be possible to design new therapeutics targeted directly
against the crucial mutated cancer genes. Such therapeutics are expected to be more
efficient and have less detrimental side effects compared to the conventional ones
that are directed nondiscriminatingly against all rapidly dividing cells.

Accumulating results show that the number of genes that can be implicated even
in one particular type of cancer is formidable albeit in a single tumor only several of
them are mutated. Thus, except for a few commonest oncogenes and tumor suppres-
sor genes, each potential cancer gene is mutated only in a very small proportion of
the tumors. To be able to design personalized therapy in every cancer case enormous
numbers of targeted therapeutics would have to be developed. Fortunately, major-
ity of the discovered cancer genes fall into a handful of signaling pathways which
are, to a large extent, shared between different tumor classes. With little exceptions
only one member of the pathway is mutated in one tumor reaffirming the notion
that deregulation of a particular pathways, not of a particular genes, is what matters
in tumorigenesis. Consequently, it should suffice to develop therapeutics targeted
against the selected key components of the pathways, not against all their members.

The genome-wide analyses of human tumors must comprise huge sample col-
lections due to large heterogeneity of tumors, large number of alternative cancer
genes and presence, in each tumor, of immense numbers of fortuitous passenger
mutations not related to cancerogenesis. The results have to be processed using sta-
tistical analyses and the screens provide rather suspect than undoubted cancer genes
[162]. Moreover, these analyses reveal only static endpoint-set of genetic alterations
not showing the history and dynamics of tumor development; also the fundamen-
tal importance of stromal cells and tumor microenvironment is missed out. All
what was said underscores the imperative that extensive cancer gene screens were
followed by experiments—to validate the gene’s causative role in cancerogenesis,
show in what step they act, establish their grouping into individual signaling path-
ways, elucidate their mutual cooperation and study the role of microenvironment.
Since all this is impossible to pursue clinically, animal models are indispensable.

While mouse models of human cancerogenesis are now generally accepted [44]
a question remains if and to what extent the models based on evolutionary more dis-
tant species like chickens are relevant to humans. The answer is certainly positive
as majority of organ systems are shared between chickens, humans and mice, their
tissues have the same organisational principles and contain the same types of inter-
communicating cells. The signal transduction pathways including those involved in
tumorigenesis are conserved over much larger evolutionary distances, beyond the
phylum chordata. Nevertheless, different elements of the pathway or even differ-
ent pathways are often preferentially mutated in different species during oncogenic
transformation of a particular cell type. Such predisposition suggests that differences
in regulatory networks between different vertebrate species do exist or, at least, that
in some pathways different elements in different species are the rate-limiting ones.
Well known and frequently encountered difference is a varying pattern of tissue
specific expression of functionally redundant genes in different species. An illus-
trative example is induction of retinoblastoma in humans versus mice. In humans,
retinoblastoma originates after Rb1 gene has been homozygously inactivated in a
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single cell of developing retina. To induce retinoblastoma in mice, both Rb1 and its
relative p107 must be inactivated. Different sensitivity to Rb1 inactivation results
from the simple fact that both Rb1 and p107 are expressed in developing mouse
retina and can compensate for each other’s inactivation while only Rb1 is expressed
during retinal development in humans [36].

As a matter of fact, certain cancerogenesis-influencing differences in genetic
background exist even between strains of the same species and between individ-
uals from non-inbred population, which includes human population as well. All the
more significant differences must be expected between members of different animal
classes like between humans and chickens. Faithful modeling of a specific human
cancer is challenging even in mouse system [44, 125], therefore chickens do not
represent a suitable system for this type of modeling. When we use the term “ani-
mal model” in the next paragraphs, we mean nothing more than productive and
convenient instruments to search for cancer genes and to study their function and
cooperation.

Cancer gene screens in animals, especially those based on mouse retroviruses,
have been very successful in gathering data applicable for outlining genetic land-
scape of cancer. For a long time, however, the investigation has been limited to
hematopoetic and mammary tumors due to a limited tissue tropism of the used
mouse retroviruses (MLV and MMTV). To progress further it was essential to
extend the range of analyzed tumor types and, ideally, to create models corre-
sponding to the most relevant human tumors. This objective was fulfilled with great
success by the development of universal transposon-based technology [26, 73, 141].

The tropism of avian retroviruses is not as strictly limited as is the case for MLV
and MMTV. In addition to neoplasias described above (B-lymphoma, erythroblasto-
sis, nephroblastoma, lung sarcoma and hepatocarcinoma) simple avian retroviruses
are capable of inducing many other tumor types, e.g. myeloid leukosis, histiocytic
sarcoma, angiosarcoma, fibrosarcoma, renal carcinoma, mesothelioma, and pancre-
atic adenocarcinoma [15, 110, 113, 121, 137, 153]. Though the penetrance of these
malignancies is mostly very low, the fundamental ability to transform a wide range
of target cells is apparent. To carry out cancer gene screens, however, the frequency
of rare tumor classes have to be increased. Below we suggest two ways how to
achieve that; no doubt further possibilities can be conceived or will come up over
time.

Nongenetic non-cell-autonomous factors that influence tissue homeostasis, such
as wound healing and local inflammation, have long been known to play an impor-
tant role in both experimental and human oncogenesis [69, 74, 86, 154]. The
industasis phenomenon (Section 4.6) illustrates that these factors may as well oper-
ate during oncogenesis through insertional mutagenesis. Classical tumor promoters
like phorbol esters fall into the same sort of factors. Many different tumor promot-
ers have been described, some of them tissue specific [87]. Hence, the penetrance
of the rare retrovirus-induced cancer classes can be increased by tumor promot-
ers either through their tissue-specific delivery or by using the tissue-specific ones.
The important point is that assistance of tumor promoters does not bring any addi-
tional genetic changes into the cells and that tumors originate from the same pool
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of dormant mutagenized cells that give rise to the rare tumors when no promotion is
applied (see Section 4.6). In addition to the increased penetrance, tumor promoters
could also reduce latency thus facilitating study of tumor progression.

The oncogenic spectrum of simple retroviruses is primarily determined by the
promoter/enhancer sequences in provirus LTR—see, for example, the properties of
MAV/RAV recombinants [67]. Consistently, enhancer mutations have been shown
to change oncogenic spectrum of the retrovirus [39, 139]. This is not surprising since
tissue-specific activity of promoter/enhancer not only determines the tissue where
the virus will replicate best, but also the cell type where the integrated provirus will
affect neighboring genes most vigorously. Manipulating the enhancer is thus another
way how to shift retroviral oncogenic spectrum. For example, segments of known
tissue specific promoters/enhancers may be inserted into viral U3 region. Definitely,
problems with the proper enhancer design can be anticipated, resulting from our
lack of understanding how combined enhancer segments interact with each other.
These problems, however, may be surmounted by generating many alternative vari-
ants (e.g. by shotgun approach when assembling the LTR or by employing random
mutagenesis) and selecting the successful variants in cell culture or animals. Similar
approaches have already been utilized, though with varying success, see e.g. [5, 42,
43, 52, 88].

To understand fully the relevance of results obtained in animal cancer gene
screens, we must contemplate also another factor, independent of evolutionary
distance, responsible for the incomplete overlap of cancer genes mutated in exper-
imental model versus human cancer. It is the dissimilar molecular mechanisms of
cancer gene mutation/deregulation. In humans the cancer genes are affected largely
by point mutations and chromosome rearrangements while in animal screens they
are altered by provirus/transposon insertions. This introduces bias to the spectrum
of mutated cancer genes because (i) oncogenic changes of a cancer gene introduced
by point mutations or chromosome rearrangement cannot always be accurately sim-
ulated by proviral insertion and (ii) the starting distributions (prior to oncogenic
selection) of chromosome rearrangements, point mutations and proviral insertions,
respectively, throughout the genome are uneven and differ from each other.

(i) Evidently, the effect of human cancer gene amplification (with resulting over-
expression) or, conversely, the effect of gene knockout/deactivation can be
reproduced by provirus/transposon insertion. Also the effect of chromoso-
mal translocation can mostly be simulated by insertional mutagenesis, see
c–myc activation by translocation in human Burkitt lymphomas [32] as well
as by insertion in chicken B-lymphomas or mouse T-lymphomas [30, 126].
In these cases the full-length cancer gene is overexpressed as a result of
being placed under the control of strong non-authentic promoter/enhancer.
Frequently, however, the translocated human cancer gene is not only over-
expressed, but also truncated and fused to another gene which results in
production of a chimeric protein [94]. Effects of such translocations can be
mimicked by insertional mutagenesis only in those instances when the over-
expression and/or truncation alone, without a fusion, is sufficient to activate
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the gene’s oncogenic potential or when the cancer gene’s fusion partner can
be substituted by retrovirus/transposon-derived sequences like in the case of
bcr–abl and gag–abl fusions [161]. Point mutations, the typical mode of onco-
genic activation of many cancer genes in humans, cannot, obviously, be inflicted
by provirus/transposon insertion. In spite of it, many of these genes repeat-
edly emerge in insertional mutagenesis screens. It is so because they can
also be activated by other mechanisms than point mutation, e.g. by amplifica-
tion/overexpression as exemplified by Ha–ras gene [83, 108, 120, 145, 148] or
by truncation as exemplified by B–raf gene [26, 90]. Certainly, cancer genes
mutated by different mechanisms may have not fully equivalent oncogenic
properties; that, however, is irrelevant since we are discussing forward genetic
screening, not modeling of a particular human tumor.

(ii) Even if particular gene can be, in principle, oncogenically activated by differ-
ent mechanisms (for example by chromosomal translocation in humans and by
provirus/transposon insertion in experimental animals) the relative frequency
of such events may be very different. The primary choice of chromosomal
recombination sites as well as selection of integration sites are far from random.
Particularly the frequency of breakage and recombination in different parts of
human genome is highly non-uniform as manifested by the existence of hot
spots of recombination and chromosomal fragile sites. This bias is caused by
specific local DNA and chromatin features that are unrelated to function of the
residing genes. Different features are relevant for chromosomal recombination
versus provirus/transposon insertion [17, 18, 166, 169]. In consequence, when
particular pathway is to be deregulated, different elements of the pathway will
be preferentially mutated in humans versus experimental animals.

The propensity to mutate preferentially different genes exists even between dif-
ferent insertional mutagens. For instance, H–ras gene is frequently activated by
retroviral proviruses [83, 108, 145, 148] but never by Sleeping Beauty transposon
[141]. Even closely related retroviruses that induce identical subclass of tumors but
differ in their enhancer sequences may activate very different sets of genes [65].
Most plausible explanation of this phenomenon is that there exists significant (yet
so far overlooked) interaction of inserted enhancer sequences with the host regula-
tory sequences at the site of insertion; this interaction may be productive in case of
one enhancer and counterproductive in case of another one.

There are some practical advantages of chicken system worth to mention. For
example manipulating and monitoring chicken embryo is much more feasible and
convenient. A great advantage of chicken system is that gene activation is preferen-
tially carried out by the promoter insertion mechanism, which is characterized by a
narrow region of insertions in front of the activated gene. This eliminates dilemma
frequently encountered in mouse models: which of the genes in the CIS locus is the
cancer-related one, see [53, 131].

One disadvantage of chicken models must also be mentioned here. It is the
absence of the huge variety of strains predisposed to specific tumor types due to
the presence of transgenic or knockout cancer gene alleles, which are available
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in mouse system. Insertional mutagenesis in genetically engineered animals is a
powerful method for studying cancer genes cooperation. The first generation of
genetically engineered mice had, however, certain week sides: the oncogenic muta-
tion was expressed already during embryogenesis and in all cells of the target tissue,
which is very different condition compare to spontaneous tumor origination and
may significantly influence course and outcome of tumorigenesis [44, 130, 171]. To
preclude this drawback, new generations of genetically engineered mice are being
constructed in which the oncogene/tumor suppressor gene is activated/deleted later
during the lifetime and only in sporadic cells [66, 89, 95, 157].

The technology for generating transgenic chickens is now at hand [51, 70]; how-
ever, the range of genetically modified chicken strains can never come close to the
variety available in mouse system. Fortunately, production of predisposed genet-
ically modified chickens can be conveniently substituted by using in vivo gene
transfer mediated by retroviral or transposon-based vectors that carry an activated
oncogene, inhibitory RNA directed against tumor suppressor gene or dominant-
negative form of tumor suppressor gene. This technique, moreover, does not
comprise the drawbacks of the transgenic approach mentioned above. Combination
of insertional mutagenesis and in vivo gene transfer would enable not only to inves-
tigate cancer genes cooperation in chicken models but also to redirect the retrovirus
tumorigenic activity into selected tissue either by tissue-specific vector delivery or
through the tissue-specific capacity of the delivered cancer gene. Efficacy of in vivo
gene transfer strategies has already been proven in mouse system [57, 64, 73, 78].

The conclusion of the above discussion is that no cancer gene screening model
fully reproduces corresponding human cancer. Multiple models including multi-
ple model animals must be combined to cover all players involved in the disease.
Comparing and integrating results obtained in different models and in genome-wide
screening of human tumors may prove to be especially beneficial for delineating the
genetic landscape of cancer. Thus, we are convinced that models based on chicken
retroviruses can still considerably contribute to our knowledge of genes, pathways
and networks implicated in cancerogenesis.
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Chapter 5
Sleeping Beauty Models of Cancer

Jesse D. Riordan, Laura M. Rogers, Katherine E. Berquam-Vrieze,
and Adam J. Dupuy

5.1 Introduction

The many advantages of retroviral insertional mutagenesis have been discussed in
the previous chapters, and this strategy has played a significant role in furthering our
current understanding of the genetic basis of cancer. However, retroviral insertional
mutagenesis has two main limitations that have prevented this approach from being
applied to many forms of cancer. First, naturally-occurring slow transforming retro-
viruses have a restricted cellular tropism within the infected host, thus limiting the
types of cells that can be mutagenized by these viruses [29]. Second, retroviruses
require the host cell to undergo mitosis in order to gain access to the nuclear genome
and integrate as a provirus. The combined effects of these drawbacks have limited
the application of retroviral insertional mutagenesis to the study of hematopoietic
malignancies and mammary cancer in mice.

Recent work has begun to exploit another potential insertional mutagen in mice-
transposable elements (i.e. transposons). Transposons have proven to be valuable
in the genetic analysis of invertebrate organisms and have been used in forward
genetic screens for nearly 30 years [2, 19]. Unfortunately, similar approaches were
not available for the study of mammalian genetics due to the lack of active trans-
posons in these species. However, this changed with the development of Sleeping
Beauty—a reverse engineered Tc1/mariner transposon that was shown to function
in vertebrate cells [20]. This chapter describes the recent application of the Sleeping
Beauty transposon for cancer gene discovery in the mouse.

J.D. Riordan (B)
Department of Anatomy and Cell Biology, University of Iowa, Iowa City, IA 52242, USA
e-mail: jesse-riordan@uiowa.edu

113A.J. Dupuy, D.A. Largaespada (eds.), Insertional Mutagenesis Strategies
in Cancer Genetics, DOI 10.1007/978-1-4419-7656-7_5,
C© Springer Science+Business Media, LLC 2011



114 J.D. Riordan et al.

5.2 Resurrecting a DNA Fossil: the Sleeping Beauty
Transposon System

The Sleeping Beauty (SB) transposon was resurrected from an ancient Tc1/mariner
superfamily of “cut and paste” DNA transposons (i.e. class II transposable elements)
cloned from salmonid fish [20]. The individual transposons were inactive due to
the acquisition of mutations over evolutionary time. However, Ivics and colleagues
speculated that the sequence of the active ancestral element could be deduced by
deriving a consensus sequence from the alignment of many independent Tc1-like
transposable elements (TCEs) from several different species of fish, each having
acquired different inactivating mutations. By reverting these mutations, they were
able to awaken Sleeping Beauty from its slumber and restore its ability to function
as a transposable element. Subsequent work has shown the SB transposon to be
active in numerous cell types from a wide variety of vertebrate organisms including
zebrafish, medaka, Xenopus, rat, mouse and human [9, 16, 21, 27, 33, 44].

5.3 Transposase/Transposon Structure

Like all cut-and-paste transposons, the SB system consists of two functional parts:
the transposase enzyme and the transposon vector. The SB transposase has several
conserved domains that are critical for its function. At the N-terminus of the trans-
posase is a bipartite DNA-binding domain [22]. This bipartite domain consists of
a PAI domain and an RED domain, which are bridged by a small GRRR domain
that is similar to an AT-hook. The PAI and RED domains confer the specificity by
which the transposase is able to recognize its target [8]. The C-terminal catalytic
domain, which mediates the cleavage and joining reactions of the target DNA, is a
DDE motif—so named for the two invariable aspartic acid and single glutamic acid
residues which define this domain. The DDE catalytic domain is a common feature
in transposase, recombinase and viral integrase enzymes.

As previously mentioned, the work of Ivics and colleagues generated the first
active form of the SB transposase, called SB10 [20]. While the SB10 transposase
was shown to have activity in a number of cell lines [20, 21, 33] as well as in mice
[11, 13, 17], the transposition efficiency often limited the applications of the SB
system. Thus a number of independent groups made additional modifications to the
SB10 transposase in an effort to increase its efficiency. These efforts produced three
improved versions of the SB transposase: SB11 [15], HSB17 [1] and SB100X [35]
which have an activity 10–100 fold greater than that of SB10.

The second part of the SB system, the transposon vector, has a structure similar
to that of other class II transposable elements. The boundaries at the 5′ and 3′ ends
of an SB transposon are defined by the presence of an inverted repeat (IR), also
referred to as an inverted terminal repeat (ITR). A specific right (IRR) and left (IRL)
inverted repeat are required in order for a SB transposon to be functional [7]. Each
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Fig. 5.1 Structure of Sleeping Beauty transposons. Each transposon consists of a DNA fragment
(i.e. transposon cargo) flanked by a left (IRL) and right (IRR) inverted repeat. Each repeat is a
unique sequence that is required for efficient transposition. Within each inverted repeat is an inner
and outer direct repeat. The direct repeats define the 5′ and 3′ ends of each inverted repeat, as indi-
cated. While the sequence of each direct repeat is unique (shown below), each contains a conserved
sequence which represents the core binding sequence (shown in bold) of SB transposase

inverted repeat contains two direct repeats which serve as the binding sites for the
SB transposase (Fig. 5.1). The direct repeats are unique, and all four are required
for efficient transposition [7].

The initial transposons used to demonstrate SB function by Ivics et al. were
derived from a cloned Tc1/mariner element isolated from Tanichthys albonubes
(referred to as “T”) [20]. This element differed from the consensus sequence by
only 3.8%; while functional, it was not initially known how significantly these slight
changes in the IR regions might reduce the transposition rate. Cui and colleagues
later compared the sequence of the original “T” vector to a consensus sequence gen-
erated from the alignment of multiple Tc1/mariner IRs. This comparison identified
a number of candidate mutations in the “T” vector. A new transposon vector, called
“T2”, was then generated by reverting these mutations back to the Tc1/mariner con-
sensus sequence. The cumulative effect of these changes led to a four-fold increase
in the transposition rate when using a T2 vector [7]. Thus, modification of both
the transposase enzyme and transposon vector can have an effect on the overall
transposition efficiency of the SB system.

5.4 Molecular Characteristics of SB Transposition

5.4.1 Transposition Mechanism

In order to utilize the SB system as a genetic tool, it is important to consider the
molecular characteristics of the system so that potential sources of bias can be taken
into account. An ideal transposable element to be used as an insertional mutagen
is one that inserts efficiently, yet randomly into the host cell genome without intro-
ducing non-specific mutations (i.e. not transposon-tagged). This type of transposon
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would be a flexible genetic tool that could be used to perform an unbiased, forward
genetic screen.

Following the work of Ivics et al., a number of groups began to study the
molecular mechanisms that govern the activity of Sleeping Beauty. Luo et al.
performed an experiment to determine the molecular characteristics of SB trans-
position by creating a mouse embryonic cell line in which a single SB transposon
containing a neomycin resistance marker was used to disrupt the expression of
a puromycin drug resistance gene [33]. This experimental design had two key
features that provided several insights into the mechanism of SB transposition.
First, the use of a dual drug-resistance screen allowed both the excision and inser-
tion events to be recovered for additional study (excision→puromycin resistance,
integration→puromycin/neomycin resistance). Second, this experiment was the first
to induce transposition of an element that was already resident on a host cell chro-
mosome. This is in contrast to Ivics et al. in which the transposons were introduced
as plasmids [20].

The results of this experiment made two major contributions to our understand-
ing of the SB system. First, analysis of the donor site showed that the SB transposase
leaves behind a 3 basepair remnant in between the TA dinucleotides that flank the
transposon prior to excision. This remnant is called a “footprint” and is common
to the Tc1/mariner family [38]. More importantly, the presence of a footprint at the
donor site indicates that the transposition mechanism used by the SB transposase

Fig. 5.2 Proposed mechanism of Sleeping Beauty transposition. Once a molecule of SB trans-
posase binds to each of the four direct repeats (see Fig. 5.1), the transposase enzymes mediate
DNA cleavage at the end of each inverted repeat. This cleavage event generates a double-stranded
break at the donor site which is repaired by the host cell. The SB transposase cleavage event leaves
behind single-stranded overhangs that must be resolved in one of two ways, as indicated. SB trans-
posase mediates insertion at a new TA dinucleotide site elsewhere in the host cell genome. The
incorporation of the transposon at this site leads to duplication of the TA target site which then
flanks the newly inserted transposon
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is likely similar to that of other members of the Tc1/mariner family (Fig. 5.2).
Subsequent work by two independent groups showed that the SB transposition
mechanism is aided by a number of host cell proteins, including members of the
non-homologous end-joining pathway [23, 42] as well as the DNA-bending protein,
Hmgb1 [45]. A second observation made by Luo et al. showed that SB exhibits a
tendency to integrate into target sites physically linked to the donor site. This phe-
nomenon is often referred to as “local hopping”. This topic will be discussed in the
following section, since local hopping is the main source of integration bias in the
Sleeping Beauty transposon system.

5.4.2 Integration Site Bias

All integrating vectors, be they viral or transposon, have some degree of insertion
site bias. Recent work has shown that many viruses (e.g. MuLV, HIV) preferen-
tially integrate within or near actively transcribed genes [36]. Similarly, studies of
transposable elements in mammalian cells have shown that not all target sequences
are equally likely to be used by some transposons (e.g. piggyBac); and thus these
transposons show a comparable bias for insertion near genes [31]. While the exact
molecular cause of this type of integration bias has not been elucidated, the impli-
cation is that the integration mechanism of these vectors somehow recognizes the
chromatin structure associated with active transcription. A more practical conse-
quence of integration bias is that the mutagenic potential of these vectors is limited
to actively transcribed regions in the host cell.

By contrast, an increasing number of publications have shown that the Sleeping
Beauty transposon does not display a strong integration bias. To date, analysis of
over 1800 SB transposon insertions identified in mouse hepatocytes [43], mouse ES
cells [31] and mouse embryos [10] have shown that SB does not show a significant
bias for insertion near genes. Instead, SB transposon insertions show a near random
distribution with the percentage of insertion events within genes roughly equivalent
to the percentage of the mouse genome known to encode genes.

The reduced bias for insertion within genes makes SB unique among integrating
vectors. However, this is not to say that SB does not show some local preferences
for specific insertion sites. For instance, several groups have analyzed large numbers
of unselected SB insertions from a variety of sources to identity any integration site
preferences that the SB transposase displays. The results show that SB does prefer
AT-rich sequences flanking the TA target site [32, 41]. Another study examined
DNA structure to look for any trends in the integration sites utilized by SB. This
analysis revealed that SB has a preference for target sites in “bendable” regions
[14]. It should be noted that all of these studies identified integration preferences
for SB; while these factors may determine which target site (i.e. TA dinucleotide)
in a local region will be used by the transposase, the cumulative effects of these
preferences do not appear to cause significant integration site bias at the genomic
level.
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5.4.3 Local Hopping

As mentioned previously, Luo et al. was the first to demonstrate that SB exhibits
local hopping [33]. Local hopping is a phenomenon common to cut-and-paste trans-
posons including P elements [40] and Tol2 [25]. Additional experiments using the
SB system in transgenic mice have confirmed the findings of Luo et al. in that all
have reported some degree of local hopping. However, the frequency and the size
of the genetic interval affected by local hopping varied significantly [4, 13, 18]. The
source of this variation is not clear. It should be noted that these initial experiments
were performed prior to the development of deep sequencing technology, and in
some cases, prior to the sequencing of the mouse genome. As a result, the limited
amount of transposon integration data available may have introduced sampling bias
in the analysis of these early experiments using SB in the mouse. Nevertheless, local
hopping—regardless of the frequency—is the largest source of integration site bias
identified with the Sleeping Beauty transposon system.

5.4.4 Integration Site Mapping

Perhaps the greatest advantage of insertional mutagenesis is the ease with which
the mutated genes can be identified. The earliest work with the SB system used a
variety of PCR-based approaches (e.g. inverse PCR, splinkerette PCR) to amplify
transposon junction fragments from the genomes of cells which had undergone
SB mutagenesis. The PCR products were then cloned and sequenced. The junc-
tion sequences were sufficient to demonstrate transposase-mediated insertion into
what was presumed to be the host cell genome. This presumption was based
on two observations of the junction sequence: (1) the presence of a TA din-
ucleotide flanking the transposon and (2) junction sequence that was divergent
from the initial donor site indicating the transposon had indeed hopped to another
location.

Mapping transposon junction sequences was initially a laborious process that
involved the use of radiation hybrid mapping [13] or fluorescence in situ hybridiza-
tion [17] to obtain an approximate map location for each transposon insertion event.
This process became easier with the completion of the mouse genome, and transpo-
son junctions could be mapped to a precise chromosomal and nucleotide position.
However, mapping transposon insertion sites still relied on sequences derived from
cloned transposon junction fragments.

More recently, this process has been made even faster and more efficient with the
development of next-generation sequencing technologies. These devices are capa-
ble of directly sequencing hundreds of thousands to millions of PCR products,
thus eliminating the need to clone them. Hand curation of DNA sequences is no
longer possible when processing such large data sets. Therefore, a number of groups
have developed automated systems to analyze transposon insertion data generated
by deep sequencing platforms [12, 28]. The combination of deep sequencing with
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these automated sequence analysis systems has provided an opportunity to study the
process of SB transposition in much greater detail.

5.5 Sleeping Beauty in Cancer Research

Most of the initial publications that described the use of the SB system in mice
focused on germline mutagenesis to isolate mutant strains with developmental phe-
notypes. Unfortunately, this approach was limited by the relatively low rate of SB
mutagenesis compared to chemical mutagenesis using compounds such as ethyl-
nitrosourea (ENU). This effort was also confounded by the high rate of local
hopping which further reduced the efficiency of whole-genome mutagenesis using
SB. Despite these limitations, several groups began to adapt the SB system to muta-
genize somatic cells to induce tumors in mice. It was thought that the low rate of
mutagenesis would be sufficient to induce tumors, given enough time. If so, the SB
system could be used to perform forward genetic screens to identify cancer genes in
mice.

Understanding which genes contribute to cancer has long been a major goal
of cancer researchers. Next-generation DNA sequencing technologies have greatly
reduced the cost and dramatically increased the pace at which mutation profiles
from individual tumors can be generated [34]. Unfortunately, recent work suggests
that human tumors have a mutator phenotype with a mutation rate ~200 fold greater
than normal tissue [3]. As a consequence, the precise identification of the mutations
which contribute to the cancer phenotype (i.e. driver mutations) among the more
abundant background mutations (i.e. passenger mutations) is a major challenge
to the field of cancer genetics. However, Sleeping Beauty transposon mutagene-
sis could prove to be a useful tool for carrying out forward genetic screens in mice,
allowing researchers to more rapidly identify somatic mutations that promote cancer
in vivo. By combining data from these SB screens with sequence data from human
cancer genomes, perhaps driver mutations, and thus more appropriate therapeutic
targets, could be identified.

5.5.1 Modifications of Transposon Design

Initial efforts using the SB system as a germline insertional mutagen in mice made
use of gene trap vectors that would express a reporter gene (e.g. EGFP, β-gal) upon
transposon insertion within a transcription unit [4, 17]. This approach is useful for
the identification and isolation of individual transposon-induced mutations, given
the inefficiency of the SB system in this context. However, since cancer exhibits a
strong positive selection in vivo, reporter genes have little utility. Moreover, several
groups have shown that the efficiency of SB-induced transposition is greatly reduced
as the transposon size increases [15, 24]. These factors influenced transposon design
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as the SB system was adapted to induce somatic cell insertional mutations to model
cancer.

The T2/Onc vector was the first transposon to be specifically engineered for this
purpose [6]. Its compact design includes the necessary elements to induce both gain
and loss of function mutations in oncogenes and tumor suppressor genes, respec-
tively (Fig. 5.3). The total size of T2/Onc is approximately 2 kb, which closely
resembles the original size of the salmonid consensus sequence and seems to be the
optimal size for transposition [15]. Splice acceptor sites and polyadenylation sites
are included on both strands of the transposon, allowing this vector to function as a
bi-directional gene trap. Together, these sequences are capable of disrupting tumor
suppressor genes (Fig. 5.4a). Additionally, T2/Onc includes a promoter and splice
donor which provide the ability to overexpress downstream oncogenes (Fig. 5.4b). It
should be noted that several T2/Onc variants (T2/Onc2, T2/Onc3) have been devel-
oped [10, 12]. However, these transposon vectors share the same overall design and
therefore share common mutational mechanisms.

Fig. 5.3 Structure of the mutagenic T2/Onc transposon. The T2/Onc transposon is designed to
induce mutations, but does not encode any reporter genes. Splice acceptors (SA) and polyadeny-
lation sites (pA) function as gene trap cassettes to disrupt gene expression. The murine stem cell
virus promoter (MSCV) and splice donor (SD) sequences act as a synthetic first exon to initiate
transcription and splice into downstream genes

5.5.2 Initial Tumor Models Induced by Transposition

While most genetic diseases are caused by inherited mutations (i.e. present in every
somatic cell), cancer is caused by the accumulation of mutations in a small popula-
tion of somatic cells. The combination of spontaneous mutagenesis within normal
cells and the constant selection for survival and growth contribute to tumor initia-
tion and progression. This makes the Sleeping Beauty system ideal for mimicking
human cancer in mice since transposition of mutagenic vectors (e.g. T2/Onc) pro-
duces unique combinations of mutations in each cell. Positive selection need only
select the cell which harbors the right combination of mutations to emerge as a
tumor. The major advantage of using this approach is that the mutations induced
by SB mutagenesis will be tagged with transposons, thus facilitating their rapid
identification.

Both parts of the SB system—transposase and transposon—must be introduced
into mice for transposition to occur. The first publications describing the use of
the SB system as a cancer gene discovery tool described two different approaches
[6, 10]. Collier et al. made use of an existing transgenic mouse strain (CAGGS-
SB10) to ubiquitously express the SB10 transposase [11]. This allele was combined
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Fig. 5.4 Mechanisms of mutation induced by T2/Onc transposons in SB-induced tumors.
a Overexpression of oncogenes in SB-induced tumors is accomplished through two main mech-
anisms in which the T2/Onc transposon overexpresses a near full-length (above) or truncated
(below) transcript. These mechanisms employ the MSCV promoter and splice donor within the
transposon (see Fig. 5.3). b Disruption of tumor suppressor genes in SB-induced tumors is typi-
cally achieved through the action of the gene trap elements on the plus strand (above) or minus
strand (below), depending on the orientation of the transposon relative to the mutated gene

with a transgene consisting of multiple copies of the mutagenic T2/Onc transposon.
While double transgenic mice (i.e. CAGGS-SB10+;T2/Onc+) did not develop
spontaneous tumors in a wild type background, this combination of SB alleles dra-
matically accelerated tumor formation in p19-null mice. Molecular characterization
of sarcomas from these mice indicated that transposon-induced mutations in the
Braf locus were likely responsible for the decreased tumor latency [6]. This was an
important demonstration that the SB system could be used to study the genetics of
solid tumors.

A second publication described two novel SB alleles [10]. The first was a knock-
in mouse strain (RosaSBase) which expresses the optimized SB11 transposase from
the ubiquitously-transcribed ROSA26 locus. Dupuy et al. also generated several
transgenic mouse strains harboring the T2/Onc2 transposon. This mutagenic vector
is virtually identical to T2/Onc, except its size has been further reduced to increase
transposition efficiency. Another important distinction of the T2/Onc2 transgenic
mice is that each cell contains over a hundred copies of the T2/Onc2 transposon.
This increase in the transposon copy number per cell likely increases the number of
transposon-induced mutations that can be achieved.

Unlike the results reported by Collier et al., offspring inheriting both RosaSBase
and T2/Onc2 commonly developed T-cell lymphomas and other hematopoietic
tumors [10]. These tumors developed in otherwise wild type mice and did not
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require a sensitizing mutation, such as the p19-null background used by Collier
et al. However, the combination of RosaSBase and T2/Onc2 had a major limitation
in that the majority of double transgenic mice died at midgestation, likely due to
active transposition. Additionally, mice that survived until birth developed predomi-
nantly T-cell lymphoma rather than a diverse array of tumor types. Nevertheless, this
work showed that the efficiency of the SB system was sufficient to induce tumors in
wild type mice.

The origin of the apparent discrepancy in transposition efficiencies of the
SB models described by Collier et al. and Dupuy et al. was not immediately
clear. The improved efficiency described in RosaSBase;T2/Onc2 double trans-
genic mice could be due to enhanced transposase expression from the ROSA26
locus, increased copy number of the mutagenic transposon vector or a combi-
nation of both. Recent work by Collier et al. has shown that both transposon
and transposase alleles make a contribution to the efficiency of the system [5].
These experiments combined the RosaSBase allele with the lower copy T2/Onc
transgenic strains. The resulting double transgenic mice developed tumors with-
out the requirement of a sensitizing mutation (e.g. p19–/–), suggesting that the
RosaSBase allele drives a higher rate of transposition, compared to the CAGGS-
SB10 allele. However, RosaSBase;T2/Onc mice did not display an embryonic
lethal phenotype and developed tumors with an increased latency compared to
RosaSBase;T2/Onc2 mice [5]. This result indicates that the increased transposon
copy number also contributes to transposition rate. Thus the nature of both the trans-
posase and transposon components affect the tumor phenotype in SB models of
cancer.

5.5.3 Identification of Driver Mutations in SB-Induced Tumors

As noted earlier, a number of PCR-based approaches have recently been described
to identify transposon integration sites in SB-induced tumors [5, 12, 26, 39]. Direct
sequencing of PCR products using next generation sequencing platforms has greatly
improved the sensitivity of detection for transposon-induced mutations in these
tumors. However, the increased scale of sequencing has also uncovered significant
genetic complexity in SB-induced tumors. While this complexity is a necessary
component of a good model of human cancer, it also produces a similar problem
that has been encountered with the sequencing of human cancer genomes—how are
rare driver mutations identified among the large number of passenger mutations?

This problem can easily be addressed when using the SB system. As previ-
ously noted, the SB transposase exhibits very weak integration site bias. Therefore,
unselected SB insertion events can be modeled in silico by randomly selecting
TA dinucleotide sites throughout the genome. Currently, this is achieved using a
Monte Carlo simulation to identify common integration sites (CISs)—regions of
the genome that suffer transposon insertion in SB-induced tumors at a rate more
frequently predicted by chance [5, 12, 26, 39]. Significance is a function of the
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number of tumors having the observed number of integration events within a spec-
ified genomic region (see Chapter 7 for more detail). It is important to note that
such methods cannot easily be employed in the identification of driver mutations
in human cancer since spontaneous mutations do not occur randomly and are
influenced by a number of factors.

One caveat in the identification of driver mutations in SB-induced tumors
involves local hopping—the main source of integration bias in the SB system. There
is not a well-established definition of the local hopping interval for the SB system
currently in use. In fact, it appears that the rate of transposon insertion is elevated
along the entire length of the chromosome that harbors the transposon transgene
(our unpublished data). Consequently, the genes which map to this chromosome
are subject to an increased likelihood of transposon-induced mutation compared to
the rest of the genome. Currently, the only method to prevent the identification of
false-positive CISs due to local hopping in SB models of cancer is to discard all inte-
gration events which map to the local chromosome. While this approach leads to the
loss of data from an entire chromosome in each transposon strain, multiple mouse
strains harboring transposon transgenes which map to different chromosomes can
be used to compensate and to negate the loss of the local chromosome in each
individual strain.

5.6 Modifications to the SB System

While the initial SB transposase (CAGGS-SB10, RosaSBase) and mutagenic trans-
poson alleles (T2/Onc, T2/Onc2) showed that the SB system could be used to
produce tumors in vivo, the earliest SB models were limited in the number of tumor
types that could be produced. However, this limitation was unlikely due to the activ-
ity of the SB system, as previous work had observed transposition in a variety of
tissue types [6, 10, 17]. Thus, it seemed likely that modifications to the existing
transposase and transposon alleles could provide more precise control, allowing for
tissue-specific transposon mutagenesis.

The structure of the mutagenic transposon has recently been investigated as
one manner in which the SB system can be modified. Both the T2/Onc and
T2/Onc2 transposons contain the murine stem cell virus (MSCV) promoter to
drive overexpression of downstream oncogenes. This promoter is most active in
cells of hematopoietic origin, which could explain why mutagenesis screens con-
ducted with T2/Onc and T2/Onc2 transposons yielded primarily hematopoietic
malignancies [5, 12]. In a modified version of the mutagenic transposon, called
T2/Onc3, the MSCV promoter has been replaced with the cytomegalovirus early
enhancer/chicken β-actin (CAG) promoter, which displays its highest activity in
cells of epithelial origin [37]. The tumor profile obtained from a mutagenesis screen
using T2/Onc3 transposons consisted mostly of carcinomas [12]. The ability to
generate this type of profile is highly advantageous, as the majority of human malig-
nancies are solid tumors. As evidenced by the different tumor profiles generated by



124 J.D. Riordan et al.

these two independent screens, altering the promoter within mutagenic SB trans-
posons can dramatically affect the nature of tumors resulting from integration
events.

A potential application of this finding is the generation of transposons containing
tissue-specific promoters whose activity is limited to a specific organ of interest. A
mutagenesis screen utilizing this type of transposon would be predicted to generate
tumors primarily in the organ of interest. This would allow rapid generation of a
large number of independent tumors from that organ, which would facilitate in-
depth analysis of the mutation profile of that specific tumor type. By performing
independent mutagenesis screens with different transposons, novel oncogenes and
tumor suppressors involved in tumorigenesis of a wide variety of tissue types could
be identified.

A second approach to generate tissue-specific tumor models with the SB system
is to limit transposition events, and therefore mutations, to the tissue of inter-
est. This was recently achieved by generating a conditional transposase allele
(RosaSBase-LsL) that is only expressed upon Cre recombinase-mediated removal
of a Lox-stop-Lox (LsL) cassette [12]. As with constitutive SB models, the SB trans-
posase gene is knocked into the ROSA26 locus to allow its expression in any tissue
of the mouse. Expression is prevented, however, by inclusion of an LsL cassette
just upstream of the transposase coding region. This cassette, which consists of an
EGFP cDNA followed by three polyadenylation signals, traps transcripts initiated
from the ROSA26 promoter and prevents expression of the downstream transposase
gene. Thus, no transposition occurs in mice harboring both the conditional trans-
posase allele and a transposon transgene due to a lack of transposase expression.
Tissue-specific expression of Cre recombinase leads to excision of the LsL cassette,
and thus transposase expression.

The RosaSBase-LsL allele has been used successfully to generate specific SB-
induced carcinoma models. For example, [26] initiated transposon mutagenesis
specifically in hepatocytes by expressing Cre from a transgene driven by the albu-
min promoter [26]. These mice develop preneoplastic liver nodules at ~160 days of
age, some of which progress to hepatocellular carcinoma (HCC) as the mice age.
Analysis of the transposon integration sites from these tumors identified a num-
ber of genes already associated with HCC (e.g. Egfr, Met) as well as a number of
candidate genes not previously implicated in this disease (e.g. Ube2h). A second
publication generated a model of colorectal cancer (CRC) by inducing transposi-
tion in the gastrointestinal tract using a Cre transgene expressed from the villin
promoter [39]. Transposon mutagenesis produced multiple intestinal adenomas in
approximately half of the mutagenized mice. As was the case with the SB-induced
HCCs, analysis of transposon-induced mutations in these lesions identified a num-
ber of genes known to be involved in CRC, as well as a large number of candidate
genes. These experiments are an important demonstration of the flexibility of the
SB system to induce a broad spectrum of tumors in a controlled fashion. Moreover,
the identification of genes known to be involved in human HCC and CRC in
both of these screens implies that this is a valid approach to identify novel cancer
genes.
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5.7 Future Directions

5.7.1 Identifying Genes Involved in Metastasis

As described above, the SB insertional mutagenesis system provides a means to
identify oncogenes and tumor suppressors that drive tumor formation and devel-
opment in various tissues throughout the body. In addition to identifying genes
involved in primary tumor formation, the system could be used to discover those
that contribute to other aspects of tumor biology, such as metastasis. This approach
would likely require a tissue-specific tumor model, as mice with ubiquitous trans-
position develop several tumors in multiple organs, which generally prevents them
from surviving long enough for metastases to develop. Mice with tumorigenesis
targeted to a single organ can survive longer, which may allow sufficient time for
metastasis to occur, as was observed when transposition was limited to hepatocytes
[26].

Once a model system has been established in which SB transposition drives for-
mation of primary tumors that metastasize, the profile of transposon integration sites
could be compared between primary tumors and their metastatic derivatives. Each
metastatic tumor could be paired with the primary tumor from which it was derived
based on similarities in overall integration profile. This type of analysis may lead
to the identification of genes that are common sites of integration in metastases, but
not in primary tumors. Depending on the nature of the mutation induced by trans-
poson insertion, these genes would be implicated as either promoters or inhibitors
of metastasis.

Another useful approach would be to compare integration profiles of primary
tumors with identified metastases to those of primary tumors lacking metastases.
Such an approach could lead to the discovery of gene disruptions in primary tumors
that are predictive of metastatic potential. Additionally, genes may be identified that
commonly contain transposon integrations in primary, but not metastatic tumors.
This type of pattern would suggest that disruption of these genes may promote pri-
mary tumor formation, but may not be compatible with metastasis. Finally, analysis
of integration profiles derived from tumors isolated from different metastatic sites
(e.g. brain, lung, liver) may identify specific mutation events that promote metasta-
sis to each distinct site. Such information could eventually prove useful in predicting
patient outcome and treatment strategies.

5.7.2 Identifying Genes Involved in Treatment Response

A recent retroviral mutagenesis screen demonstrated the utility in using insertional
mutagenesis to study treatment response in mice [30]. The SB system could be
used in a similar manner to identify mutations that confer drug susceptibility or
resistance. For this approach, a cohort of mice could be generated with SB-induced
tumors. These mice could be treated with the drug of interest, then separated into
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two groups: those that respond to treatment and those that do not. Transposon
integration profiles could be compared between responders and non-responders to
identify mutations which are correlated with either resistance of susceptibility.

A modification to this approach could involve collection of tumor biopsies from
animals before and after drug treatment. This would allow the investigator to fol-
low genetic progression within an individual tumor in response to drug treatment.
In this case, drug treatment would act as a selection event in which tumor cells
that acquired mutations conferring drug resistance would preferentially replicate.
Thus, transposon-induced mutations that appear to expand within the tumor mass
following drug treatment would be candidate resistance mutations.

5.7.3 Identifying Cooperating Mutations

It is well established that cancer is the result of accumulated mutations which collec-
tively work to transform a cell. As such, these mutations likely work in a synergistic
fashion to modify signaling pathways or other subcellular processes. In most cases,
however, it is not clear which specific mutations and/or pathways work in concert
to contribute to cancer. Here again, SB models of cancer could be used to identify
mutations that cooperate in generating the tumorigenic phenotype. In this scenario,
transposon mutagenesis could be induced in mice carrying a predisposing mutation
which serves as the initiating genetic event. Ongoing transposition would generate
additional mutations promoting tumor progression. This approach could be utilized
in the context of different predisposing mutations for a single tumor type. Distinct
sets of cooperating genes may be identified for each initiating mutation by compar-
ing transposon integration profiles derived from each model. Such information could
lead to the identification of novel combinations of therapeutic targets for distinct
subsets of tumors within a particular cancer type.

5.8 Challenges Remaining

As described in the previous sections, the current SB mutagenesis system has
broad utility in the identification of genes associated with tumorigenesis and
could potentially be used to study many other aspects of tumor biology. However,
some challenges remain, which if properly addressed, would allow even broader
applicability of the system.

Efforts to date have failed to efficiently generate tumors in certain organs. For
example, a screen in which transposition was targeted to the prostate using the
probasin-Cre strain failed to generate tumors. Similarly, targeting transposition to
the mammary gland using the whey acidic protein (WAP)-Cre strain was not effec-
tive in generating mammary tumors (our unpublished data). At this point, it remains
unclear whether this organ-specific resistance to SB-induced tumorigenesis results
from a property of the SB system itself or from properties intrinsic to the target
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tissues. One possibility is that the promoters used to express Cre recombinase do
not have the correct spatial and/or temporal expression pattern to drive mutagenesis
in the appropriate initiating cell population for these forms of cancer. Consistent
with this idea, mammary tumors have been induced using T2/Onc3 mutagenesis
combined with ubiquitous transposition [12]. Another possibility deals with the
activity of the transposon-encoded promoter. Changing the promoter within muta-
genic transposons has been shown to dramatically affect the profile of tumors that
are developed in a ubiquitous transposition model [12]. It is possible that the trans-
posons used for tissue-specific prostate and mammary models do not efficiently
initiate transcription in those tissues. Another factor that could influence tumor
development in different tissues is the availability of host cell proteins used used
by the SB transposase during transposition (e.g. Hmgb1) [45]. The expression level
of these co-factors may be too low in some tissues to achieve the degree of mutage-
nesis required for transformation. Additional experiments are required to determine
if the existing SB system will permit tissue-specific tumor models to be generated
for these cancer types or if additional modifications will be necessary.

Another issue which has complicated the use of the Cre-inducible SB system is
that many Cre transgenic mouse strains display some level of expression in multiple
tissues. These Cre strains could produce a variety of tumor types when used to
activate SB mutagenesis in mice. This would be problematic if Cre were expressed
in the hematopoietic system, as the SB system is particularly efficient at inducing
lymphomas. This issue could be partially addressed by combining the Cre-inducible
transposition system with mutagenic transposons containing a promoter specific to
the tissue of interest. While transposition may occur in multiple tissues, gain-of-
function mutations, and thus tumor formation, would likely be limited to the tissue
of interest.

All versions of the SB system currently in use to model cancer lack the abil-
ity to terminate transposon mutagenesis once it has been initiated. Achieving this
goal would be advantageous for a number of reasons. First, it could facilitate the
identification of genes associated with drug resistance or susceptibility. For exam-
ple, transposon mobilization could be used to drive tumorigenesis and then shut
off. Following this, drug treatment could be used to induce tumor regression. After
significant regression, transposition could be reactivated, with the expectation that
integrations causing disruption of genes conferring drug susceptibility would be
selected for in the tumors. Additionally, the level of background integrations not
contributing to tumor development or progression (i.e. passenger mutations) could
be decreased by turning off transposition following initiation of tumorigenesis.
Finally, the ability to turn transposition on and off would also allow a more in-depth
analysis of distinct stages of tumor progression.
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Chapter 6
Insertional Mutagenesis in Hematopoietic Cells:
Lessons Learned from Adverse Events
in Clinical Gene Therapy Trials

Lars U. Müller, Michael D. Milsom, and David A. Williams

6.1 Introduction

From an early stage in the development of retroviral vectors for gene therapy appli-
cations, there has been a concern that recombinant vectors could elicit cellular
transformation by altering expression of either cellular proto-oncogenes or tumor
suppressor genes that are proximal to the genomic integration site (Fig. 6.1). This
phenomenon, referred to as insertional mutagenesis, was characterized as a property
of wild type gammaretroviral viruses (previously known as murine oncoretroviral
viruses) which are the prototype virus from which the recombinant vectors used in
the majority of the clinical trials described in this chapter were derived (reviewed
in [178]). Wild type retroviruses fall into two categories with regards to their trans-
forming properties: Slow transforming and acute transforming retroviruses. Acute
transforming retroviruses contain viral versions of cellular proto-oncogenes such as
Myb, Myc and Src and, as the name suggests, are able to induce cellular transforma-
tion within a short latency period [15, 62, 149]. Slow transforming retroviruses do
not contain oncogenes but instead lead to transformation of the host cell via inser-
tional mutagenesis. The fact that transformation by this route will likely require
the accumulation of many proviral integrations within a given cell until a combi-
nation which can co-operate in transformation is achieved accounts for the longer
latency period. Since cellular transformation was perceived to be a consequence of
co-operating hits from multiple vector insertions, early pioneers in the gene ther-
apy field focused upon developing vector systems which minimized the risk of
generating a replication competent recombinant vector and which were unlikely
to rescue dormant endogenous retroviral sequences present in the human genome.
Such efforts involved the segregation of viral proteins essential for viral propaga-
tion (GAG, POL and ENV) onto packaging plasmids which were separate from
the packaged recombinant viral genome. The identification of the gammaretroviral
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Fig. 6.1 Illustration of possible mechanisms through which recombinant gene therapy vec-
tors may disrupt expression of a host cell gene. a Schematic representation of a recombinant
retroviral vector highlighting the features which may contribute towards insertional mutagenesis.
The vector schematic represents the integrated form of the provirus genome. The viral genome
is flanked by two long terminal repeats which can be subdivided into the U3, R and U5 regions.
The U3 region contains the transcriptional enhancer/promoter element which drives expression of
the viral genome during packaging and which is required for expression of the transgene cassette.
The R region contains the polyadenylation signal. Some vector configurations also incorporate a
splice donor and splice acceptor site to enhance expression of the transgene cassette. Transgene
cassettes may also contain cryptic splice donor/acceptor sites. b Molecular mechanisms through
which an integrated provirus may promote cellular transformation by altering expression of flank-
ing genomic loci. (i) Transcription initiated from the promoter in the viral 3′ LTR resulting in
an mRNA containing a proto-oncogene located downstream of the integration site. (ii) Inefficient
polyadenylation of the transcript initiated from the promoter in the viral 5′ LTR resulting an mRNA
containing the recombinant viral transgene and a proto-oncogene located downstream of the inte-
gration site. Capture of the exons encoding the oncogenic protein may involve aberrant splicing.
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packaging signal (�) facilitated the deletion of this element in recombinant pack-
aging constructs containing GAG, POL and ENV, thus eliminating the normal
mechanism via which these coding sequences are incorporated into the viral parti-
cle [105]. In order to minimize the probability that segregated packaging constructs
would recombine with either endogenous retroviral sequences in the target cell
genome or with each other to form replication competent virus, packaging systems
with minimal overlapping sequence homology were developed (reviewed in [112]).
Stable cell lines to package gammaretroviral vectors, including the GP + envAm12
and PG13 lines, were created via stable transfection of packaging constructs into
established cell lines [107, 112, 113]. Such packaging lines allowed the isolation and
characterization of individual packaging clones following a subsequent stable trans-
fection with a construct containing the recombinant retroviral genome. Although
there are examples of replication competent virus being generated in packaging cell
lines, individual clones can be determined as free of replication competent virus and
can be subsequently expanded and used to produce large scale preparations of retro-
viral supernatant for use in clinical trials [36, 57, 140]. Such modifications in vector
production technology made the risk of producing a supernatant which contained
replication competent retrovirus almost negligible.

Having greatly reduced the likelihood that retroviral gene therapy vectors could
generate replication competent virus, the risk of a recombinant vector being able
to transform a cell via insertional mutagenesis was perceived to be very low [125].
The lack of efficacy in pre-clinical models using human hematopoietic stem and
progenitor (CD34+) cells somewhat shifted emphasis further away from the risks
of insertional mutagenesis. How would it be possible to transform a human bone
marrow stem cell with a recombinant retroviral vector if it was extremely diffi-
cult to even transduce human CD34+ cells at a clinically relevant level with such
a vector? Much of the energy in the field was therefore devoted to advancing
stem cell transduction methodology and developing retroviral vectors which would

�
Fig. 6.1 (continued) (iii) and (iv) Enhancer effect from the viral U3-encoded enhancer element
on an endogenous proto-oncogene promoter located either downstream (iii), or upstream (iv) of
the integration site. (v) Integration within a tumor suppressor gene resulting in abrogation of gene
expression either via premature termination of the transcript; the production of a fusion protein
which may have no functional activity or dominant negative activity; or the introduction of a frame
shift mutation resulting in premature termination of translation. The above may be mediated by an
aberrant splicing event. (vi) Transcription initiated from the viral LTR resulting in the production of
a mRNA which is complimentary to that of a tumor suppressor gene which is located downstream
and inverted relative to the integration site. Such a complimentary mRNA may promote degrada-
tion of the tumor suppressor gene transcript or interfere with its translation (vii) Integration into
the 3′ untranslated region of a proto-oncogene or tumor suppressor gene resulting in perturbed
post-transcriptional regulation of gene expression either via destabilizing/stabilizing the mRNA;
interfering with mRNA localization; or enhancing/repressing the initiation of translation. LTR,
long terminal repeat; U5, unique 5′ LTR sequence; R, repeat LTR sequence; U3, unique 3′ LTR
sequence; E/P, enhancer/promoter; pA, polyadenylation signal; SD, splice donor site; SA, splice
acceptor site; +, enhancing effect upon transcription initiation; T-Suppr, tumor suppressor gene; 3′
UTR, 3′ untranslated region
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express transgene cassettes at levels which would be high enough to elicit a ther-
apeutic benefit. Subsequent advances in vector design such as the optimization of
LTR enhancer/promoter elements and viral leader sequences resulted in recombi-
nant vectors which were able to mediate high level transgene expression in both
primitive and mature hematopoietic cells [9, 40, 54, 75, 78, 104, 148]. Different
viral envelopes were used to pseudotype recombinant particles in order to more effi-
ciently target CD34 cells [60, 81, 84, 147, 153]. The development of improved in
vitro growth media formulations incorporating novel cytokine cocktails achieved
the dual aim of promoting hematopoietic stem cell division, which is required for
transduction with gammaretroviral vectors, while minimizing stem cell loss in vitro
via apoptosis or differentiation [13, 41, 46, 61, 85, 92, 133]. Where poly-cations
such as polybrene had previously been used to enhance transduction frequencies
by negating electrostatic charge repulsion between target cells and viral particles,
the characterization of the CH296 fibronectin fragment (Retronectin) as a matrix
upon which one could co-localize hematopoietic stem cells and viral particles
was a significant advance in the quest to improve CD34+ transduction frequencies
[38, 70, 106, 127]. The development of antibody-based enrichment of the CD34+

hematopoietic stem and progenitor cell compartment from human hematopoietic
tissues using magnetic column purification provided a rapid, clinically applicable
method to further enhance retroviral transduction by increasing the vector to target
cell ratio [11, 12, 51, 175]. Taken together, these technological advances served as
the platform for the first successful gene therapy trial in humans.

The correction of X-linked severe combined immunodeficiency (SCID-X1) via
transplant of retroviral corrected human CD34+ cells was reported in 2000 by
Fischer and colleagues [34]. The success of this clinical trial finally realized the
promise of retroviral-mediated gene therapy of human bone marrow CD34+ cells,
more than 15 years after the first demonstration that murine hematopoietic stem cells
could be effectively transduced by recombinant retroviral vectors [189]. Moreover,
a second independent gene therapy trial was able to recapitulate the correction of
the SCID-X1 phenotype using a similar gene therapy protocol [58]. This validation
of the potential effectiveness of gene therapy was particularly timely in the wake
of the negative press that the gene therapy field received following the death of a
patient in a phase 1 clinical trial for ornithine transcarbamylase deficiency, resulting
from a systemic inflammatory response following administration of a recombinant
adenovirus vector [146, 170]. However, soon after the publication detailing the effi-
cacy of the Paris-based SCID-X1 trial, work emerged from the group of Baum and
colleagues that would re-establish the importance of insertional mutagenesis as a
significant risk factor in the retroviral-mediated genetic correction of hematopoietic
cells, and which ultimately predicted the outcome of 5 out of 20 of the patients
enrolled across both SCID-X1 gene therapy trials. Baum demonstrated for the first
time that a replication incompetent retroviral vector backbone designed for gene
therapy applications could cause cellular transformation via insertional mutagene-
sis in the context of a transplant model of transduced murine hematopoietic stem
cells [101]. In this and a subsequent study, it was found that a single retroviral inser-
tion in the vicinity of the ecotropic viral integration site 1 (Evi1) gene or the related
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PR domain containing 16 (PRDM16) gene resulted in their overexpression and was
sufficient to initiate a cascade of events resulting in leukemic transformation in vivo
[101, 121]. Furthermore, a high copy number infection of murine bone marrow
with recombinant retroviral vectors was able to facilitate combinatorial hits which
caused leukemogenesis [120]. The pattern of cellular genes which combine to pro-
mote cellular transformation demonstrated a significant overlap with those that are
disregulated in experiments which employed replication competent retrovirus vec-
tors to provoke the development of leukemia [120]. Although murine hematopoietic
stem cells likely represent a more readily transformed target than their human coun-
terparts, these studies formally established the mutagenic potential of recombinant
retroviral vectors intended for gene therapy applications.

Baum’s group then made the seminal observation that at low copy number,
retroviral-transduced murine hematopoietic stem cells are selectively expanded dur-
ing transplant dependent upon proviral insertion site [93]. These non-malignant
dominant clones are enriched for proviral integration sites in the locale of genes
encoding signal transduction molecules and growth promoting genes [93, 94].
Analysis of mRNA expression levels in these clones revealed that the proviral inser-
tion did indeed alter transcriptional regulation of genes proximal to the integration
site and led to the hypothesis that this was a powerful method to identify pro-
engraftment genes through positive selection. These observations were found to
have direct translational relevance in a gene therapy trial for chronic granuloma-
tous disease, where the non-malignant expansion of dominant retroviral transduced
clones in two patients was found to correlate with insertional up-regulation of
growth promoting genes [138].

In this chapter, we will discuss the results of key clinical gene therapy trials with a
focus on retroviral-mediated insertional mutagenesis of human hematopoietic cells.
We will also review how the serious adverse events in three of these trials have
stimulated novel lines of research resulting in safety modification of gene therapy
protocols.

6.2 Experience with X-Linked Severe Combined
Immunodeficiency (SCID-X1)

Severe combined immunodeficiency (SCID) comprises a number of rare mono-
genic diseases with the common feature of a block in T-cell differentiation and
impaired B-cell and natural killer (NK) cell immunity [52]. Studies of pattern of
inheritance, immune function, and genotypes have led to the identification of at
least 11 distinct SCID conditions. The most common variant of SCID results from
the deficiency in expression or function of the common cytokine receptor γ chain,
which is shared by the receptors for interleukin (IL)-2, IL-4, IL-7, IL-9, IL-15,
and IL-21. This condition is inherited in a sex-linked fashion (X-linked SCID or
SCID-X1) and accounts for 40–50% of all SCID cases [132, 174]. SCID-X1 is
characterized by abnormal development or function of T, B and NK cells. Survival
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depends on the reconstitution of T-cell development and function by allogeneic
bone marrow transplantation [5, 26]. If a genotypically matched family donor is
available, hematopoietic stem cell transplantation (HSCT) confers greater than 80%
chance of long term survival [5]. The absence of T- and NK cells in the patient
allows for the engraftment of donor cells without preparative chemotherapy con-
ditioning, and thus this is the treatment of choice with minimal toxicity. When a
genotypically matched family member is not available, haploidentical donors (for
example a parent) or closely matched unrelated donors are used, with varying pref-
erence from center to center, and survival of 64–78% has been reported [5, 14,
26, 63, 68]. These inferior outcomes may be attributed to the increased risk of
graft rejection or graft versus host disease (GVHD), as well as the effects of T-
cell depletion and immune suppression, causing slower immune reconstitution with
increased risk of from infection [111, 130]. Haploidentical transplants rigorously
depleted of T-cells, like genotypically related transplant, may be performed without
preparative chemotherapy conditioning; however, B cell reconstitution is poor and
the majority of patients require intravenous immunoglobulin replacement for life
[111, 130]. Interestingly, spontaneous partial correction of severe T-cell immun-
odeficiencies, including SCID-X1and ADA-SCID, have previously been reported,
suggesting a selective advantage of wild type T-cells over defective T-cells [23,
77, 171]. Therefore, two independent gene therapy trials, aimed at correcting the
immunologic defect of SCID-X1 patients who lack a genotypically matched bone
marrow donor have been undertaken [34, 58]. Thus far, a total of 20 patients have
been treated on these studies. Despite minor technical differences in the two pro-
tocols, the basic design of both gene therapy trials is quite similar: The complete
coding region of the human γ chain was cloned into a pMFG gammaretroviral vec-
tor regulated by the MLV long terminal repeat (LTR) sequences, which was used to
infect bone marrow derived CD34+ cells in vitro. The transduction occurred in the
presence of early acting cytokines (stem cell factor, thrombopoietin, interleukin-
3 (IL-3), and FMS-like tyrosine kinase 3 (FLT 3) ligand) and the CH296 human
fragment of fibronectin. Cells were subsequently infused without prior conditioning
or cytoreductive treatment. Minor differences between the two protocols include
the uses of a three-fold higher concentration of IL-3 and 4% fetal cell serum in
the French trial. Additionally, the French investigators utilized the amphotropic
pseudotype, as compared to the use of gibbon-ape-leukemia-virus (GALV) enve-
lope in the British trial [34, 58]. Results in both trials have been extremely
encouraging.

In the French trial, 10 children under the age of 1 year were enrolled between
1999 and 2002 [33, 34]. Nine of ten infants developed normal numbers of T- and
NK cells, with good immune function [64]. In seven of the nine patients who
developed T-cells, T-cell counts reached normal levels within 3 months and have
remained normal at the time of the last published follow up [32]. Protective lev-
els of antibodies, including antibody production after immunization, were achieved
and the prophylactic administration of intravenous immune globulin (IVIG) was
discontinued [64]. At almost 8 years post gene therapy, these patients continue to
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retain a functional immune system, enabling them to live normally [32]. However,
severe adverse events related to gene therapy has been reported in four patients in
the French trial, occurring 31–68 months post gene therapy [32, 65, 66]. In these
patients, untoward effects of viral integration into the genome resulted in clonal T-
cell proliferation, leading to the death of one of the four affected patients. Much
research has subsequently been directed at elucidating the mechanism responsible
for these adverse events. It has now been clearly demonstrated that retroviral inte-
gration in the proximity of proto-oncogenes, particularly the LIM domain only 2
(LMO2) promoter, was involved in leukemogenesis in three patients of the French
patients and one British patient [32, 80]. An integration of the unaltered γ chain-
encoding viral vector on chromosome 11q13, near the first exon of the LMO2 gene,
led to the unregulated transcription of LMO2, giving rise to a T-cell acute lym-
phoblastic leukemia (T-ALL)-like lymphoproliferation in the initial two patients
[65]. LMO2 is a master regulator of human hematopoiesis, involved in stem cell
growth and is not normally expressed in T-cells. However, LMO2 activation has
been implicated in some cases of human T-cell leukemia [193]. In addition, LMO2
transgenic mice have been shown to develop T-ALL within 10 months [55, 129]. It
is increasingly clear that retroviral vectors may “turn-on” cellular proto-oncogenes
adjacent to their integration site in the genome. The strong promoter/enhancer activ-
ity of the retroviral LTR element shows particular propensity to the up regulation of
genes neighboring the integration site [93, 101, 120]. Multiple studies now indi-
cate that gammaretroviral vectors such as the vectors used in the two SCID-X1
trials preferentially integrate into the 5′ end of genes, near the transcription start
unit [192]. In addition, gammaretroviral vectors have been shown to integrate in or
near a number of proto-oncogenes that are actively expressed in human CD34+ cells.
When human CD34+ cells were transduced with retroviral vectors in vitro, 21% of
retroviral integrations occurred at recurrent insertion sites (“hot spots”), which were
highly enriched for proto-oncogenes and growth-controlling genes [31]. A recent
series of papers investigating the vector integration sites in both SCID-X1 trials and
the Italian ADA-SCID trial, observed a greater than random frequency of vector
integrations near the transcription start site of genes that are active in hematopoi-
etic stem cells [1, 45, 163]. Interestingly, in the SCID-X1 trial a skewing of vector
integration site distribution in vivo was noted. Compared to retroviral integration
sites (RIS) recovered from transduced CD34+ cells, RIS recovered from T-cells in
vivo 9–30 months after transplantation, showed an overrepresentation of RIS within
or near genes encoding proteins with kinase activity, transferase activity, or pro-
teins involved in phosphorous metabolism. This skewing of RIS in vivo suggests a
selection of T-cells as a result of viral integration in certain growth and survival pro-
moting genes [45, 163]. Strikingly, in contrast to 5 cases of insertional mutagenesis
in the two SCID-X1 trials, no adverse events have been reported in the 10 patients
treated in the Italian ADA-SCID trial, despite a similar RIS pattern observed in
this patient group [1]. This observation has led to the proposal of a “disease effect”
contributing to oncogenesis of γ chain gene therapy. Woods et al. demonstrated
lentiviral transduction of γc–/– mice with vectors containing the human common γ
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chain (cγ) or an inert control gene at very high viral doses. They observed the induc-
tion of T-cell malignancies in a third of the animals receiving cγ transduced cells,
but not in the control groups [191]. The merit of this very limited study was sub-
sequently challenged, primarily on the basis of a viral dose much higher than that
used in clinical scenarios and incomplete data on the pathogenesis of the malignan-
cies, in particular as it relates to the downstream activation level of a key signaling
target of the common γ chain, JAK3, in the tumors [142, 177]. In addition, the
lentiviral vector used in this study incorporated a hybrid promoter/enhancer element
which is extremely powerful and likely to possess a greater trans-activating potential
than promoter/enhancer elements that would be considered for clinical gene therapy
use [191].

The experience of the 10 patients treated in the British SCID-X1 trial has recently
been updated [80]. Previously, the scientific community was perplexed at the lack
of adverse events in this trial, despite a similar approach to that used in the French
trial. Even in the absence of a statistically significant difference in the occurrence
of insertional mutagenesis induced leukemia (now 4/10 in the Fresh trial and 1/10
in the British trial), questions regarding the viral pseudotype (amphotropic versus
GALV), the use of fetal cell serum, and the dosing if IL-3 were raised. It was hypoth-
esized that these factors may have contributed to the more rapid kinetics of T-cell
reconstitution that were observed in patients in the Paris trial [34, 58]. It now appears
that these minor differences are unlikely to contribute to a significant difference in
outcome. The shorter observation period in the British trial and small sample size are
more likely to account for this difference. Howe et al. are now reporting the occur-
rence of a T-ALL, promoted by insertional mutagenesis in one of the 10 British
SCID-X1 patients. In this patient, the integration of the vector 35 kb upstream of
the LMO2 locus cooperated with secondary genetic aberrations, including a gain of
function mutation of NOTCH1, a deletion at the CDKN2A tumor suppressor gene
locus, and a translocation of the T-cell receptor-β region, to give rise to T-ALL [80].
The patient had been treated with gene therapy for molecularly confirmed SCID-
X1 at 13 months of age and initially experience satisfactory immunologic recovery.
IVIG replacement was temporarily suspended at 13 months of age but recommenced
at 16 months due to persistently low immunoglobulin levels. The patient was diag-
nosed with T-ALL at 24 months of age and achieved a complete remission with
standard T-ALL chemotherapy.

In summary, thus far 5 of 20 patients treated with gene therapy for SCID-X1
have encountered a live-threatening severe adverse event, thought to be triggered
by retroviral activation of LMO2 in four patients. Four patients were salvaged with
chemotherapy and one patient succumbed to the disease following an unsuccess-
ful allogeneic bone marrow transplantation. The risk and benefits of gene therapy
for SCID need to be carefully reassessed. Clearly, the use of MLV-based retrovi-
ral vectors with LTR promoter enhancer elements is viewed as contraindicated in
this disease by most investigators in the field. The continued development of safety-
enhanced vectors and the validation of these vectors in clinically relevant systems
has emerged as a major priority in the field.
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6.3 Experience with Adenosine Deaminase Deficiency Severe
Combined Immunodeficiency

Adenosine deaminase (ADA) is a housekeeping enzyme of the purine metabolic
pathway, expressed in all tissues of the body [73]. Deficiency of this enzyme leads
to a build-up of toxic metabolites with detrimental systemic effects, including neuro-
developmental deficiencies, sensori-neuronal deafness, and skeletal abnormalities.
Importantly, ADA deficiency causes abnormal T, B, and NK cell development,
resulting in severe-combined immunodeficiency. As is the case with the more
common SCID-X1, untreated patients generally succumb to severe opportunistic
infections in the first year of live. Treatment strategies employed to manage affected
patients include allogeneic stem cell transplantation (SCT), enzyme replacement
therapy, and more recently gene therapy [19]. Allogeneic SCT from an HLA-
matched family donor offers good immunological and biochemical correction with
73% survival. However, outcomes following mismatched and haploidentical trans-
plants are less impressive [5]. Likewise, the exogenous replacement of ADA,
administered in a polyethylene glycol (PEG) conjugate by intra-muscular injection
on a weekly or twice weekly schedule, will result in systemic detoxification and
immune reconstitution. In the long term, however, about half of the patients receiv-
ing PEG-ADA replacement continue to require IVIG infusions and some patients
show a decline in T-cell numbers over time. A number of gene therapy trials for
ADA deficiency were initiated in the early 1990s, targeting retroviral gene trans-
fer into various cell types, including peripheral blood lymphocytes, umbilical cord
blood, bone marrow, and CD34+ selected stem cells [16, 20, 79, 90]. These early
studies failed to produce clear efficacy. By contrast, more recent studies introduced
key modifications to the gene therapy protocol, including the use of a reduced
intensity myelosuppressive conditioning regimen and the withdrawal of PEG-ADA
replacement [2, 59]. The Milan-based group of Aiuti and colleagues has thus far
enrolled ten children. Patients were conditioned with 4 mg/kg of Busulfan prior to
the infusion of transduced cells. The mean age at the time of gene therapy was 2.2
years. All children on this trial are healthy and thriving, with the longest published
follow-up now over 64 months [1, 3, 19]. Gene therapy has resulted in a substantial
increase of lymphocyte counts and normalization of T-cell function. Similarly, four
patients have been treated in London [179]. One patient that has been reported in
detail had been treated with PEG-ADA for 3 years but showed a gradual decline in
T-cell numbers, despite effective metabolic correction. As a matched bone marrow
donor was not available, the patient was enrolled on the ADA-SCID gene therapy
trial. PEG-ADA replacement was stopped 1 month prior to gene therapy and the
patient was conditioned with a single dose of 140 mg/m2 of Melphalan prior to
the infusion of the transduced bone marrow CD34+ cells [59]. At the time of the
last published follow up, the patient was 2 years out from gene therapy, clinically
well and off prophylactic antibiotic therapy. An increase in T-cell numbers and nor-
malization of the proliferative response have been noted [19, 59]. Importantly, no
adverse events have occurred thus far in the patients treated for ADA-SCID at these
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two centers. Aiuti et al. recently published a comprehensive genome wide analysis
of retroviral integrations sites (RIS) of five patients treated in Milan [1]. This paper
analyzed the RIS patterns in CD34+ cells prior to infusion as well as RIS in vivo,
up to 47 months post gene therapy. As anticipated, a non-random pro-viral inte-
gration pattern, favoring transcription start sites (TSS) and gene dense regions, was
observed in the pre-transplant cells. RIS observed in vivo in T-cells were addition-
ally enriched for TSS, suggesting the occurrence of in vivo selection. More recently,
Aiuti and colleagues have demonstrated that cellular genes in the proximity of the
proviral integration site are subject to moderate disregulation in gene modified T-
cell clones isolated from patients [30]. However, in contrast to the SCID-X1 trial,
no in vivo skewing toward RIS in genes affecting survival, cell cycling, signal trans-
duction, or proliferation were observed, making a clonal dominance effect appear
less likely. Interestingly, only one RIS was detected at the MDS-EVI1 locus and
became undetectable at later time points. This is in contrast to the clonal dominance
of MDS-EVI1 integration sites observed in the X-CDG trial [138]. Additionally, an
overrepresentation of RIS was noted in the proximity of the CCND2 and LMO2
gene with a total of 5 of 523 RIS recovered in vivo. Notably, the CCND2 inser-
tions were detected only in the first 2 years of follow up and not subsequently.
LMO2 insertions were also overrepresented in the pre-transplant CD34+ samples,
highlighting the fact that the LMO2 gene is a hot spot for retroviral integration in
human CD34+ cells [1]. The lack of in vivo expansion of clones carrying LMO2 RIS
indicates that this integration site may not be sufficient to mediate clonal dominance
and leukemic transformation. Rather, additional cooperating mutations or insertions
are required for malignant transformation. The lack of malignant transformation
in two ADA-SCID trials may point to the role of the genetic background or the
role of the therapeutic transgene introduced into human CD34+ cells. However, the
patient cohort remains relatively small and follow up is still short term. Overall, the
genotoxicity profile in these two ADA-SCID trials has been sufficiently favorable to
continue to recommend this experimental therapy to patients and families lacking a
perfectly matched sibling donor.

6.4 Experience with Chronic Granulomatous Disease

Chronic granulomatous disease (CGD) is an inherited disorder of phagocyte dys-
function, characterized by often life threatening invasive fungal and bacterial
infections and by granuloma formation in vital organs. CGD results from a muta-
tion in one of four subunits of the nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase of phagocytes. The inability to form microbiocidal oxygen
species renders the phagocytes unable to fight invasive infections [165]. Almost
70% of CGD cases result from defects in the X-linked gene encoding gp91phox

(X-CGD). With conventional therapy, including lifelong antimicrobial prophylaxis
and interferon-gamma therapy, the yearly mortality rate of X-CGD remains at 5%
[190]. Bone marrow transplantation is curative for patients with a perfectly matched
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sibling donor but remains risky in patients with active infections. Unrelated donor
transplantations are not routinely recommended [166]. Thus, the development of a
gene therapy approach that utilizes autologous HSC provides an important therapeu-
tic advance for this patient group. In previous clinical gene therapy trials conducted
without myeloreductive conditioning, the engraftment level of gene modified cells
remained low [103]. In 2002, the German group of Grez and colleagues in Frankfurt,
Germany, initiated a gene therapy trial of X-CGD. The initial patients received a
mild immunosuppressive preparative regimen and failed to engraft significant num-
bers of gene modified cells. However, 2 years later, low-dose busulfan – modeled
on the successful gene therapy trial for ADA-SCID [2] – was incorporated into
the preparative regimen and an additional six patients have been treated thus far
[137]. This group of patients has been followed with unprecedented sophistication
by the prospective monitoring of integration sites that mark each hematopoietic cell
prior to transplantation and then allow the tracking of these cells in vivo [138].
The initial two patients treated were 26 and 25 years old, respectively. Both sub-
jects carried the diagnosis of X-CGD and had failed to clear invasive infections,
including a Staphylococcus aureus liver abscess and pulmonary aspergillosis, with
medical treatment. Thus, autologous peripheral blood CD34+ cells were mobilized
with G-CSF and collected. Gene transfer was performed utilizing a gammaretroviral
vector SF71gp91phox. This vector, containing the spleen focus-forming virus long
terminal repeat (LTR) elements was chosen for its ability to achieve high expres-
sion levels in transduced hematopoietic stem cells [76]. The in vitro transduction
rates in the two patients were 45 and 39.5%, respectively, with a pro-viral copy
number of 2.6 and 1.5 per transduced cell. Pro-viral integration occurred preferen-
tially in gene-coding regions (47–52%) and was highly skewed towards the 5 kb
sequence surrounding the transcription start sites. Moreover, the clonal distribu-
tion pattern was not stable over time. Rather, starting 5 months after therapy, a
less diverse integration pattern emerged, indicating the appearance of dominant
clones. Clinically, following a period of cytopenia after the conditioning and cell
infusion, the initial engraftment rates detected in the peripheral blood were 12–
13%. Significant improvement in the previously refractory infections was noted
50–60 days after therapy. Surprisingly, a gradual increase in the number of gene-
corrected cells up to 50–60% of all peripheral blood cells was observed, starting
around day 150 post transplant. This coincided with increased oxidase activity and
occurred in the absence of altered blood counts. These events were accompanied
by a selective outgrowth of progenitors carrying vector insertions that activated one
of three oncogenes, PRDM16, SETBP1, and most notably MDS-EVI1. While all
three genes are well-known cancer-associated genes, most clonal outgrowths were
exhausted after a few months with the exception of MDS-EVI1, which increased
to 67–90% in both patients approximately 1 year post cell infusion. Of note, the
dominant MDS-EVI1 clones initially did not transgress the boundaries of the nor-
mal myeloid pool, as these cells remained cytokine-dependent in vitro and failed to
engraft in immunocompromised mice, suggesting their benign nature [138]. Thus,
the expansion of gp91phox+ cells clearly provid therapeutic benefit during the ini-
tial phase. More recent follow up on these two study patients has been provided in
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abstract form [139]. Indeed, while gene marking remained high in both patients,
down regulation of trans gene expression was noted as a result of CpG methy-
lation in the viral LTR promoter. As a consequence, gp91phox expression was
suppressed but the capacity of the LTR encoded enhancer to transactivate nearby
genes remained intact [139]. One patient died 2.5 years post therapy of severe sep-
sis [4]. The second patient developed monosomy 7 and myelodysplastic syndrome
(MDS) and died following an unsuccessful unrelated donor BMT (personal commu-
nication, Manuel Grez). Of note, the EVI1 locus has previously been identified as a
common target of retroviral oncogenesis [27, 101]. EVI1, which is not detected in
normal hematopoietic cells, has been associated with myeloid leukemia and MDS
[8, 150]. The constitutive overexpression of Evi1 in mouse bone marrow cells has
been shown to induce MDS in mice [28]. Despite these molecular events, the infu-
sion of gene corrected CD34+ cells was highly effective with regard to clearing
refractory pyogenic infections [138], raising the possibility of using gene therapy
to bridge patients with refractory pyogenic infections into eligibility for allogeneic
HSCT.

6.5 Preliminary Data from Other Trials

In addition to the five gene therapy clinical trials that we have already discussed,
there is preliminary data from at least three other clinical trials in which significant
marking of reconstituting CD34+ cells has been achieved.

6.5.1 Wiskott-Aldrich Syndrome (WAS)

WAS is an X-linked immunodeficiency which is caused by inactivating mutations
in the WAS protein (WASP). WASP plays a regulatory role in cell signaling and
cytoskeletal reorganization in hematopoietic cells [22]. The disease is fatal and
is characterized by severe combined immunodeficiency, thrombocytopenia, ele-
vated frequency of tumor formation, eczma, and other autoimmune manifestations
[134]. The only currently available curative therapy for WAS is bone marrow trans-
plant but, as with the other primary immunodeficiencies, the availability of suitably
matched donors is limiting [135]. A clinical trial for the genetic correction of WAS
via retroviral delivery of the WASP cDNA into autologous CD34+ cells is currently
underway [25]. A combination of a relatively high cell dose (8–7 × 106 CD34+/kg
body weight) and good transduction efficiency led to gene marking across both
myeloid and lymphoid lineages. A marked clinical benefit from gene therapy has
been reported in one of the patients. Both patients are being closely monitored
for evidence of clonal imbalance, as determined by molecular analysis of provi-
ral integration site pattern. To date, there has been no reported incidence of clonal
expansion of transduced hematopoietic cells, nor has there been any evidence of
morphologic or cytogenetic abnormalities in bone marrow, although the period of
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follow up is short. Of particular note is the fact that the architecture of the vector
backbone used in this trial is similar to that employed in both the CGD and the
London-based ADA-SCID trials described above. That is, the gammaretroviral vec-
tor has an intact LTR which contains the enhancer/promoter from the spleen focus
forming virus.

6.5.2 X-Linked Adrenoleukodystrophy (ALD)

ALD in children is a fatal neurodegenerative disease which results from progres-
sive neural demyelination within the brain [83, 128]. The defective gene which is
responsible for the phenotype, ATP-binding cassette D1 (ABCD1), encodes a trans-
membrane transport protein which is responsible for the shuttling of fatty acids into
peroxisomes where they are subsequently degraded [87]. ALD is characterized by
an accumulation of very long chain fatty acids, although the exact pathophysiology
of the disease is unknown. Allogeneic bone marrow transplant has been found to be
therapeutic for cerebral demyelination, presumably due to the infiltration of donor-
derived microglia cells into the brain [168]. However, because of the progressive
nature of the demyelination and the time required to generate mature microglia
from transplanted hematopoietic stem cells, bone marrow transplant is most effec-
tive as soon after development of demyelination evident by imaging methods as
possible [168]. Because of the time constraints imposed upon finding a suitable
HLA-matched donor, the genetic correction of autologous bone marrow CD34+

cells is an attractive experimental therapeutic option. A phase 1 gene therapy trial
using a recombinant HIV-1 based lentiviral vector to deliver the ABCD1 cDNA into
CD34+ cells is currently underway in Paris [35]. In the three patients that have been
enrolled to date, a transduction efficiency of 30–50% in CD34+ cells was achieved
with mean vector copy numbers of 0.6–0.7 per cell. Patients were pre-conditioned
with cyclophosphamide and busulfan and between 9 and 23% multilineage gene
marked chimerism has been reported in a follow up period that extends up to 16
months. In the two patients that have been followed for 16 months post-transplant,
hematopoietic stem cell gene therapy resulted in neurologic stabilization which are
similar to those achieved with allogeneic transplant. This trial is particularly note-
worthy in that it is the first trial to report reconstitution of bone marrow cells which
have been transduced with a recombinant lentiviral vector. Molecular characteriza-
tion of lentiviral integration sites in engrafting cells indicated that reconstitution was
polyclonal but detailed analysis of genomic loci targeted by this vector has yet to be
reported.

6.5.3 β Thalassemia

A second clinical trial which has employed a lentiviral vector is taking place in
Paris for the correction of β-thalassemia. Thalassemia’s result from mutations which
attenuate the expression of either the α or β globin chains which compromises
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hemoglobin synthesis and thus causes inefficient erythropoiesis [136, 187]. As adult
hemoglobin consists of a tetramer of two α and two β chains, inherited mutations at
the β globin locus cause a mismatch in the ratio of these two chains and thus pre-
vents the correct assembly of the hemoglobin molecule. Clinically, this may result
in transfusion dependent anemia which in turn can promote the serious side effect
of iron overload. In general, disease severity correlates with the degree to which
mutations inhibit β globin expression. However, there are other genetic loci that can
modulate the disease phenotype, for example by inducing adult expression of the
fetal γ globin gene which can be efficiently incorporated into functional hemoglobin
in place of the β globin chain [154, 187]. Gene therapy of β-thalassemia is compli-
cated by the requirement for an exact stoichiometry of α and β globin chains in
order to facilitate efficient assembly of hemoglobin. Thus, an effective gene therapy
vector must be able to facilitate high level expression of β-globin in the range of that
mediated by the normal endogenous gene in an erythroid specific context. Lineage
specific expression of the β globin chain is particularly important in the context of
genetic modification of HSC in order to prevent high level expression of β globin in
other hematopoietic lineages.

The lentiviral vector used in this trial comprises a SIN configuration with ele-
ments from the β globin locus control region (LCR) driving expression of the
β globin cDNA which has been mutated to enhance β globin chain stability.
Additionally, the vector’s expression cassette is flanked by chromatin insulator
elements which putatively function to both prevent silencing of the transgene
expression cassette by inhibitory chromatin structure surrounding the integration
site, and to prevent the vector-encoded enhancer from modulating expression of
endogenous genes near to the insertion site (6.4 Modification of vector archi-
tecture to minimize insertional mutagenesis). An interim report on the findings
of the clinical trial describe that in 2007, a single patient suffering from severe
transfusion-dependent β thalassemia major received CD34+ cells transduced with
the lentiviral vector described above [Philippe Leboulch, presentation to the 2009
Annual Meeting of the American Society of Gene Therapy; Agence Française de
Sécurité Sanitaire des Produits de Santé report]. There was a clear demonstration
of clinical efficacy as the patient has been transfusion independent for 15 months. Of
note, post-transplant molecular analysis revealed a mild clonal skewing comprising
less than 5% of peripheral blood cells. The clone, which harbors a pro-viral integra-
tion within the high mobility group A2 proteins (HMGA2) gene locus, is reported
to be stable. Insertion of the provirus into this locus resulted in the production of
a 3′ truncated mRNA resulting from the introduction of a cryptic splice acceptor,
present in the vector insulator element, into intron 3 of the gene. This truncated
mRNA, comprising exons 1–3, was expressed at elevated levels due to a loss of
negative post-transcriptional regulation by Let-7 miRNAs, since the miRNA target
sequence in exon 5 was lost. HMGA2 has been found to be mutated in chromoso-
mal translocations primarily in benign tumors and less often in malignant tumors
[37]. Although the clinical implications of this clonal outgrowth are unclear, this
event clearly demonstrates that lentiviral vectors can contribute to insertional muta-
genesis albeit in this case via modulation of post-transcriptional regulation of gene
expression.
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6.6 Lessons Learned and the Way Forward

In considering the lessons learned from the clinical trials described in this chapter,
one must recognize that these trials represent pioneering work which demonstrates
that using current technology and across a range of inherited disorders, hematopoi-
etic stem cells can be corrected by gene transfer and subsequently transplanted back
into patients. Following autologous transplantation, these cells have elicited thera-
peutic effects. Despite the serious adverse events that have been reported in three
of these trials, it is important to weigh the risk versus benefit ratio for each individ-
ual trial in the context of the conventional therapeutic options which are currently
available. Gene therapy certainly holds a significant advantage over conventional
allogeneic transplant in terms of facilitating a therapeutic autologous transplant.
That is, the use of autologous cells reduces the likelihood of transplant-related mor-
bidity and mortality from the side effects of ablative conditioning regimens and from
graft versus host disease and the ensuing immunosuppressive regimens. Having said
this, the onus is clearly upon the gene therapy community to make every effort to
modify current gene therapy protocols in order to minimize the likelihood of adverse
events occurring in future trials. Indeed, since the first report of insertional mutage-
nesis in the SCID-X1 trial was published in 2003, the efforts of the field have been
focused upon defining the mechanisms through which gene therapy vectors elicit
insertional mutagenesis and developing new technologies to overcome this prob-
lem. In this section, we will summarize the significant advances that have been
made towards these goals.

6.6.1 Advances in the Analysis of Integration Site Preference

To facilitate the characterization of retroviral integration sites from clinical and
pre-clinical samples, the group of von Kalle and colleagues has pioneered the
development of two PCR-based strategies for amplifying and isolating the genomic
DNA flanking proviral insertion sites. Both extended primer tag selection ligation-
mediated (EPTS LM) PCR and linear amplification-mediated (LAM) PCR allow
the isolation of discrete genomic integration sites from highly complex DNA sam-
ples [160–162]. Because of the superior performance of these techniques over
previous technologies in terms of allowing robust recovery of integration sites
from a modest amount of DNA, EPTS LM and LAM PCR have been used
by the vast majority of researchers to interrogate samples. More recently, these
technologies have been combined with high throughput sequencing techniques
in order to facilitate the identification of thousands of integration sites within a
single sequencing reaction [185]. In the wake of the Paris trial, PCR-based inte-
gration site analysis has been invaluable in establishing the clonality of gene
modified grafts and measuring the development of clonal imbalance in both pre-
clinical and clinical samples. Integration site analysis has also been extensively
used to investigate the integration site preferences of different gene therapy vec-
tors in order to determine whether some systems were inherently safer than
others.
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Wild type and recombinant retroviral vectors (including alpha, gamma, spuma
and lenti) integrate into the host genome in a semi-random manner and demonstrate
insertion site biases which are dependent upon the accessibility of the insertion
site in the target cell and variations in the viral integrase enzyme which depend
upon retroviral genus [42, 96]. Gammaretroviruses such as murine leukemia virus
(MLV) have been shown to exert a clear preference for integration in the region
immediately surrounding the TSS of actively transcribed genes [95, 118, 183, 192].
While lentiviral vectors also demonstrate a preference to integrate within the loci
of actively transcribed genes, their integration profile favors sites which are down-
stream of the TSS represented within the body of the primary transcript [10, 31,
44, 67, 72, 118, 192]. Using viral chimeras, it has been shown that incorpora-
tion of MLV integrase into an HIV-1 based vector alters the integration pattern
of the lentivirus to more closely resemble that associated with a gammaretrovi-
ral vector [97]. It is possible that this phenomenon results from the binding of the
MLV integrase with cell type specific transcription factors resulting in the recruit-
ment of the pre-integration complex to the promoter/enhancer region of actively
transcribed genes [50]. This work clearly demonstrates that gammaretroviral and
lentiviral vectors have developed distinct mechanisms of integrase-dependent inte-
gration which may have an impact upon the mutagenic potential of recombinant
retroviral vectors. If one considers the possibility of integrating vectors upregulat-
ing oncogene expression via either readthrough transcription or enhancer effects
on the endogenous promoter, then gammaretroviral vectors could be considered as
potentially more mutagenic than lentiviral vectors in this context, due to their pref-
erence for integration near the TSS (Fig. 6.1). Conversely, preferential integration
within the body of the primary transcript may result in lentiviral vectors having
a higher probability of interrupting tumor suppressor gene expression (Fig. 6.1).
Progress has been made in the development of model systems to functionally
evaluate the relative mutagenic potential of different vector systems (6.2 Novel
model systems to characterize insertional mutagenesis). However, the model sys-
tems developed to date have a clear preference to detect mutagenesis mediated via
upregulation of oncogene transcription. It is not clear whether this is a reflection
of tumor suppressor gene inactivation being inconsequential as a mechanism of
insertional mutagenesis, or is a result of bias within the model system. Clearly, the
preliminary results from the β thalassemia trial described above (5.3 β thalassemia)
demonstrate that lentiviral vectors may mediate insertional mutagenesis via alternate
mechanisms.

Other related retroviral vector systems have also been shown to have an inte-
gration pattern which is distinct from gammaretroviral vectors and as such may
represent a safer vector configuration. Recombinant foamy virus vectors do not pref-
erentially integrate within genes and their integration pattern does not significantly
correlate with actively transcribed genes [180]. Likewise, avian sarcoma leukosis
virus vectors do not favor gene rich regions or TSS as preferred integration sites
[82]. However, these novel vectors systems have not been as well characterized as
gammaretroviral or lentiviral vectors with regards to safety and efficacy, therefore
they unlikely to be translated to clinical use in the near future.
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6.6.2 Novel Model Systems to Characterize Insertional
Mutagenesis

A number of different model systems have been devised to assess the relative
mutagenic potential of different vector systems or protocols (reviewed in [131]).
These include in vitro assays using cell lines or primary cells with gene activation,
establishment of growth factor independence, or immortalization as a readout fol-
lowing retroviral transduction [18, 21, 49, 108, 120, 151]. Additionally, a number
of murine in vivo assays have been developed which examine the onset of clonal
dominance or transformation as a result of retroviral transduction. These in vivo
models include the use of high copy number transduction; leukemia prone knock-
out mice; or disease-specific knockout/transgenic mice [93, 119, 123, 164, 169].
Despite the variations in experimental design encompassed by these models, a
number of the findings appear to be consistent across several studies. First, gam-
maretroviral vectors which harbor an LTR-containing promoter/enhancer readily
contribute to clonal dominance and cellular transformation via oncogene upregu-
lation [93, 94, 101, 119, 120, 123, 151]. Second, lentiviral vectors which harbor an
LTR-containing promoter/enhancer are also able to mediate insertional mutagenesis
via similar molecular mechanisms to gammaretroviral vectors albeit with a lower
incidence of transformation [18, 108, 124]. Third, a self-inactivating (SIN) configu-
ration incorporating an internal promoter is less mutagenic for both gammaretroviral
and lentiviral vectors [120, 122, 124]. Fourth, the use of a weaker cellular internal
promoter dramatically reduces the genotoxic potential of both gammaretroviral and
lentiviral vectors [122, 124, 196]. The one notable exception to this observation is
a recent study that demonstrated immortalization of primary murine bone marrow
cells using a high copy number infection with a SIN gammaretroviral vector con-
taining the human cellular phosphoglycerate kinase internal promoter [21]. Fifth,
the propensity of retroviral vectors to upregulate oncogene expression is directly
linked to the transcriptional enhancer element contained within the vector [39, 108,
122, 196]. Sixth, given a comparable vector configuration and promoter/enhancer,
lentiviral vectors may have a slightly reduced ability to upregulate oncogene expres-
sion compared to gammaretroviral vectors [122, 124]. Seventh, the majority of
these model systems highly favors insertional mutagenesis via abnormal induction
of oncogene expression and may not fully evaluate the transforming potential of
recombinant retroviral vectors. As discussed previously, this last point could indi-
cate that tumor suppressor gene inactivation is not a major mechanism through
which retroviral-mediated insertional mutagenesis operates, or it could be attributed
to the lack of sensitivity of these assays to detect transformation via downregula-
tion of tumor suppressor gene inactivation. Certainly when using cells from highly
inbred mouse strains where the majority of genetic loci will comprise the homozy-
gous state, one can hypothesize that the tandem inactivation of both alleles of a
tumor suppressor gene within the same cell is highly unlikely. Indeed, Copeland and
colleagues demonstrated that in the mouse model, a genetic background which pro-
moted an increased frequency of sister chromatid exchanges was required to detect
tumor suppressor gene inactivation by insertional mutagenesis [173]. Notably, in
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a study which used a real time PCR-based approach to examine genotoxicity as a
function of altered gene expression independent of biological effect, lentiviral vec-
tors were found to mediate downregulation of gene expression with an equivalent
frequency to which they were able to upregulate gene expression [108]. In contrast,
gammaretroviral vectors were found to not contribute to decreased gene expression.

Gene therapy protocols have also been assessed using large animal transplant
studies incorporating outbred dogs and non-human primates. For the most part,
these studies have provided little evidence of transformation or clonal dominance
resulting from retroviral insertional mutagenesis [24, 86]. Dunbar and colleagues
have observed an overrepresentation of integrations near to the MDS1/EVI1
locus in long-term primate repopulating cells which had been transduced with
gammaretroviral vectors but not in equivalent cells transduced with simian immun-
odeficiency virus-based lentiviral vectors [29, 88]. However, this was not associated
with any evidence of clonal outgrowth or leukemia. Conversely, a comparison of
integration sites between an HIV-1 based lentiviral vector and an MLV-based gam-
maretroviral vector in repopulating cells from pigtailed macaques and baboons
revealed that both vector systems demonstrated a propensity to integrate near to
oncogenes [10]. Again, there were no documented adverse effects arising as a
result of retroviral transduction. Other than a study which detailed the induction
of T-cell lymphomas in rhesus macaques which arose from CD34+ transduction
by a contaminating replication competent recombinant MMLV vector, there have
been two documented cases of leukemia arising as a result of retroviral insertional
mutagenesis in large animal studies [47, 182]. The first was also reported by the
group of Dunbar and colleagues and relates to a study which examined the deliv-
ery of a mutated version of the drug resistance gene dihydrofolate reductase into
CD34+ cells from a rhesus macaque using an LTR-driven gammaretroviral vec-
tor. Five years after transplant with transduced CD34+ cells, the animal developed
a fatal AML resulting from a transduced clone harboring two retroviral insertion
sites [167]. One of these insertion sites was within the BCL2-A1 anti-apoptotic
gene suggesting that this event may have initiated leukemic transformation. Further
interpretation of this study is complicated by the fact that this animal received an
anti-folate-based chemotherapeutic regimen following hematopoietic reconstitution
which could have contributed to evolution of leukemia through provoking cell stress
and DNA damage. The second large animal study to report an incidence of leukemia
arising from insertional mutagenesis details the use of an LTR-driven gammaretro-
virus to overexpress the homeobox transcription factor HOXB4 in both canine and
non-human primate repopulating cells [195]. HOXB4 has previously been shown to
perturb hematopoietic differentiation in both murine and human HSC/P but does not
lead to leukemic transformation in murine transplant/xenotransplant studies [116,
155, 159]. Although the leukemic cells were shown to be dependent upon HOXB4
overexpression to elicit a block in differentiation, the leukemic clones isolated from
the three diseased animals all had retroviral insertion sites which activated expres-
sion of oncogenes including PRDM16 and C-MYB. Of particular note, a leukemic
clone isolated from a macaque harbored two insertions within introns of the tumor
suppressor gene single-stranded DNA binding protein 2 (SSBP2) which resulted in
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its downregulation. Clearly, large animal studies appear to be good models to study
the long term effects of retroviral genotoxicity on transplanted HSC. Unfortunately,
the cost of performing these studies prohibits the analysis of retroviral-mediated
mutagenesis that has been performed in murine models due to the limitation in the
number of animals that can be included in each study. Ultimately, it would be ideal
if an assay could be developed to assess retroviral genotoxicity in the context of
human CD34+ cells.

6.6.3 Disease Specific Effects Upon Insertional Mutagenesis

Several model systems have been developed to examine potential disease specific
effects upon the incidence of adverse effects from insertional mutagenesis. Given
the controversy surrounding the potential role of cγ overexpression in the pathogen-
esis of the leukemia observed in the SCID-X1 trial, significant effort has focused
upon determining whether there is indeed a disease-specific component which was
required for the high incidence of leukemia observed in the British and French tri-
als [142, 177, 191]. Shou at al., describe the derivation of a tumor prone mouse
in which both the Arf tumor suppressor gene and the cγ gene were knocked out
[169]. Using this model, a high rate of transformation was observed upon retroviral-
mediated gene therapy which was dependent upon both insertional activation of
proto-oncogenes and upon the SCID-X1 background. It was noted that the cγ knock-
out was associated with an increased frequency of hematopoietic progenitors which
the authors hypothesize may act as a source of cells which are amenable to trans-
formation. In a separate study, the large scale identification of integration sites
within leukemic clones generated using replication-competent retrovirus identified
that cells which harbored integrations near the LMO2 locus were more likely to also
contain insertion sites near the cγ gene [43]. Although the authors contend that the
combined mutagenesis of the LMO2 and cγ loci is insufficient to directly promote
leukemogenesis and requires other co-operating oncogenic hits, they conclude that
the overrepresentation of leukemic clones which contain integration sites near to
both LMO2 and cγ suggests a synergistic effect in transformation. In direct contrast,
Pike-Overzet et al. demonstrate that LMO2 overexpression is sufficient to block the
in vitro differentiation of T-cells from transduced human CD34+ cells, but that cγ
overexpression has no effect upon this process [143]. Instead, these authors pro-
pose that repair of cγ expression is required to facilitate T-cell proliferation and that
the repair of this pathway is also essential in order for LMO2-expressing leukemic
clones to undergo abnormal proliferation [142]. Thus, the authors contend that cγ
expression is likely required for leukemic progression but is not causative. In support
of this conclusion, Scobie et al. have developed a knock-in mouse which expresses
cγ under the control of the CD2 promoter and locus control region [164]. Although
T-cell development was mildly perturbed in these mice, there was no evidence of
increased propensity towards leukemia even when the transgene was crossed onto
a tumor prone background. Of note, transduction with an MLV-based vector did
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not promote leukemogenesis in cγ knock-in cells but was associated with leukemic
transformation in cγ–/– bone marrow cells which appears to agree with previously
described findings using the tumor prone cγ–/– model [169].

In addition to SCID-X1, there may be other hematopoietic diseases which are
candidates for retroviral gene therapy but which require special consideration with
regards to their potential increased sensitivity to insertional mutagenesis. The consti-
tutive overexpression of a transgene which elicits a pro-leukemic effect on processes
such as proliferation, differentiation or apoptosis is a likely candidate to promote
leukemia in co-operation with retroviral-mediated insertional mutagenesis. As dis-
cussed above, this is certainly the case for the retroviral overexpression of HOXB4
[195]. Another example would be the correction of congenital amegakaryocytic ane-
mia resulting from mutations in the thrombopoietin receptor Mpl. Overexpression
of Mpl using a gammaretroviral vector incorporating the SFFV promoter/enhancer
resulted in chronic myeloproliferative disorder in mice transplanted with transduced
cells [188]. This was associated with insertional upregulation of disease-promoting
genomic loci such as Fli1; Sfpi1 and Klf3. The use of a weaker cellular promoter or a
fraction of the endogenous promoter to drive Mpl expression resulted in genetic cor-
rection in the absence of myeloproliferative disorder. Another disease-specific factor
that may make cells more susceptible to retroviral-mediated genotoxicity is the asso-
ciation of a disease phenotype with genetic instability. For example, Fanconi anemia
(FA) patients suffer from bone marrow failure resulting from inactivating mutations
in proteins which propagate an epistatic pathway involved in sensing DNA dam-
age and stress [56, 186]. While the retroviral-mediated delivery of the correcting
FA gene has been shown to repair the defective DNA repair pathway, the in vitro
manipulation of FA cells which would be required for retroviral transduction has
been shown to dramatically reduce the repopulating potential of transduced cells and
may result in clastogenic mutations that could promote transformation in collabo-
ration with retroviral-mediated insertional mutagenesis [69, 100, 184]. For instance
the evolution of monosomy 7 in the CGD trial is particularly noteworthy given the
propensity for FA patients to develop this cytogenetic abnormality as a pre-leukemic
clone. Finally, factors relating to the gene therapy protocol may increase the like-
lihood that transduced cells may succumb to insertional mutagenesis-mediated
transformation. One of the longest standing proposed applications for retroviral
gene therapy of hematopoietic stem cells is the introduction of a chemotherapeutic
drug resistance gene in order to facilitate both the protection of the hematopoietic
system in the face of anti-tumor chemotherapy and the selective enrichment of gene
modified hematopoietic cells upon drug treatment [114, 189]. While gene modified
cells should be protected from the cytotoxic effects of the chemotherapeutic agent,
the requirement on them to rapidly expand to replace the ablated non-transduced
cells will put a significant proliferative stress on the hematopoietic stem cells and
progenitors. In addition, since many of the chemotherapeutic agents used to elicit
in vivo selection are DNA damaging agents, it is conceivable that transduced cells
may encounter some genotoxic damage resulting from the chemotherapeutic regi-
men (Reviewed in [115]). These processes may promote the formation of mutations
that could act to co-operate with retroviral genotoxicity.
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6.6.4 Modification of Vector Architecture to Minimize Insertional
Mutagenesis

Based upon the integration site preferences described above, it may be possible
to reduce the risk of insertional mutagenesis by using a vector system which is
based upon a different parent virus and thus take advantage of properties which are
inherent to the wild type virus. However, pre-clinical studies suggest that altering
vector architecture may have a greater impact upon the genotoxic potential of a
given recombinant vector [122, 124]. Furthermore, these vector modifications could
conceivably be applied to any retroviral vector system and so could be combined
with a safer integration profile in order to minimize the risk of insertional mutagen-
esis. There are a number of modifications which can be made to increase safety of
retroviral vectors (Fig. 6.2).

The presence of a strong viral enhancer/promoter within the retroviral LTR is
a major determinant of the ability of provirus to transactivate a neighboring gene
[108, 120]. Thus, the deletion of the viral enhancer/promoter element from the U3
region of the 3′ LTR creates a SIN vector which has been shown to decrease the
mutagenic potential of both gammaretroviruses and lentiviruses, even when a strong
viral enhancer/promoter such as SFFV is simply shifted from the LTR into an inter-
nal configuration [120, 122, 124, 196]. One of the major hurdles to overcome in
order to translate this technology to the clinic was the difficulty in producing SIN
vectors at a high titer at a clinical scale via transient transfection of producer cells.
However, novel vector production techniques including the use of wave bioreac-
tors and optimization of packaging constructs has facilitated the production of SIN
vectors at a titer which will facilitate transduction of human CD34+ cells [157, 158].

In order to further reduce the genotoxic potential of SIN vectors, a weaker cel-
lular promoter/enhancer can be incorporated into the internal position of the vector
in order to drive expression of the transgene cassette (Fig. 6.2). The use of a weaker
internal promoter significantly decreases the ability of both gammaretroviral and
lentiviral vectors to transactivate nearby cellular genes [122, 124, 196]. Although
cellular promoters may be safer, careful pre-clinical testing is required in order to
establish that they are able to drive transgene expression at a level which is therapeu-
tically relevant [117, 176, 194]. Alternatively, the transgene’s endogenous promoter
could be used to drive its own expression if the regulatory regions have been well
enough defined. The minimal regulatory elements of the beta-globin locus control
region (LCR) have been successfully cloned into lentiviral vectors in order to medi-
ate high level, erythroid specific expression of globin genes for the treatment of
thalassemias and sickle cell anemia [110, 141, 152]. Although the LCR has recently
been shown to mediate insertional activation of cellular genes near the insertion site
of a recombinant lentiviral vector, this occurred in the context of a mature erythroid
cells [71]. It has been hypothesized that the LCR will have little enhancer activity in
immature cells which are the likely target for cellular transformation and has subse-
quently been demonstrated to have low transforming potential compared to internal
constitutive promoters [7]. Yet another alternative is the use of an enhancer-less
promoter such as the ubiquitous chromatin opening element (UCOE). The UCOE
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Fig. 6.2 Illustration of the possible modifications that can be made to safety-modify recom-
binant gene therapy vectors for gene therapy applications. (i) Schematic representation of
standard recombinant retroviral vector from Fig. 6.1. (ii) Self-inactivating (SIN) recombinant retro-
viral vector. The viral enhancer/promoter is deleted from the U3 region of the 3′ LTR resulting in
complete absence of this element following reverse transcription and proviral integration. An inter-
nal enhancer/promoter drives expression of the transgene cassette. This configuration overcomes
the possibility of transcription initiation from the 3′ LTR (see Fig. 6.1b (i)). (iii) SIN vector con-
figuration incorporating an element to enhance polyadenylation in the R region of the 3′ LTR.
Enhancing polyadenylation at the 3′ LTR may help overcome insertional mutagenesis via read
through transcription (see Fig. 6.1b (ii)) but may increase the potency of vectors to interrupt
gene expression if the insertion sites lies within coding exons (see Fig. 6.1b (v)). (iv) SIN vector
incorporating either a weaker cellular promoter/enhancer; a lineage specific promoter/enhancer; an
inducible promoter/enhancer; or the transgene’s endogenous promoter/enhancer. Using a weaker
enhancer may eliminate/limit enhancer effect upon genes in the vicinity of the proviral integration
site (see Fig. 6.1b (iii & iv)). Using a context specific promoter/enhancer will prevent constitutive
trans-activation of genes next to the proviral integration site or will limit their activation to mature
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can be incorporated into the internal position of a SIN vector and, even though
it is only able to drive very low expression of a transgene, it has been shown to
be sufficient to express γc at a level which corrects SCID-X1 [194]. Although the
UCOE is unable to transactivate neighboring genes via an enhancer-mediated effect,
it remains to be seen whether the maintenance of a permissive chromatin structure
has any impact in terms of altering expression of cellular genes. Finally, one could
incorporate an inducible promoter into the internal position of a SIN vector. While
this system would be highly desirable in terms of allowing the physician to directly
regulate the timing and level of transgene expression, inducible systems such as
the tetracycline-based system are problematic in terms of achieving tight regulated
expression in the context of including all the required regulatory elements within a
single retroviral vector [144].

While SIN vectors reduce the risk of enhancer-mediated insertional mutagenesis,
they are still susceptible to the potential activation of transcripts downstream of the
integration site via leaky polyadenylation in the 3′ LTR R region. There are a number
of viral and cellular elements which have been defined to enhance the efficiency of
polyadenylation when they are positioned upstream of the polyadenylation signal.
Both the woodchuck hepatitis virus post-transcriptional regulatory element (wPRE)
and tandem insertions of the SV40 upstream sequence element (USE) have been
incorporated into SIN vectors and successfully demonstrated to enhance polyadeny-
lation in the 3′ LTR and minimize read-through transcription [74, 156]. It must be
noted that while this strategy may reduce the risk of gene activation via read-through
transcription, it has a theoretical risk of increasing the propensity of the vector to
interrupt gene expression if the proviral integration site is within a gene’s actively
transcribed region.

Another commonly proposed strategy to minimize the ability of a retroviral-
encoded transcript to transactivate neighboring genes is to incorporate chromatin
insulating elements into the recombinant vector flanking the expression cassette.

�

Fig. 6.2 (continued) cell types which have a decreased transformation potential. (v) Incorporation
of insulating elements flanking the promoter/enhancer and transgene expression cassette. The use
of insulating elements may prevent trans-activation of neighboring genes via enhancer effect and
may additionally make expression of the transgene cassette more robust by forming a barrier
between inhibitory chromatin structure and the expression cassette. (vi) Addition of a suicide gene
within the co-expression cassette. Co-expression of a pro-drug activating enzyme allows selective
killing of gene modified cells upon detection of clonal imbalance/transformation. (vii) Codon opti-
mization of transgene. Conservative mutations can be made in the transgene cDNA in order to
remove cryptic splice donor/acceptor sites, enhancer sequences and non-canonical polyadenyla-
tion signals such that the provirus has less potential to interfere with endogenous gene expression.
Additionally, optimization of codon usage to favor amino acyl-tRNA molecules that are most
abundant in mammalian cells will potentiate higher protein expression per recombinant mRNA
molecule. �U3, LTR U3 region deleted for the sequences encoding the viral enhancer/promoter;
E/P, enhancer/promoter; pA, polyadenylation signal; PRE, post-transcriptional regulatory element;
+, augmenting effect upon polyadenylation; X, no enhancer effect upon the promoter of endoge-
nous genes; Ins, insulating element; SA, splice acceptor site; T-Suppr, tumor suppressor gene;
T-gene, therapeutic transgene
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The HS4 chromatin insulator (cHC4) element from the chicken beta globin LCR
has been defined as possessing both insulator activity and barrier activity [6, 48,
98]. That is, it can insulate the surrounding genomic locus from the enhancer effect
of the retroviral-encoded enhancer while acting as a barrier to the inhibitory effect
of the chromatin structure surrounding the insertion site on the retroviral expression
cassette. It appears that the full length cHS4 element can compromise vector titer
if inserted into the LTR region [7]. Several groups have used either the full length
cHS4 element or various truncated versions of this element in order to reduce the
transactivating potential of retroviral vectors [7, 49, 99, 151]. Furthermore, the abil-
ity of this element to prevent vector silencing and position dependent effects on
gene expression may facilitate the incorporation of weaker cellular promoters into
SIN vectors while promoting robust expression of the transgene cassette.

If retroviral insertional mutagenesis does result in the generation of a transformed
clone, then a mechanism through which the gene modified clone could be selec-
tively eliminated would be highly desirable. Pro-drug activating enzymes such as
herpes simplex virus thymidine kinase or bacterial nitoreductase can specifically
convert a harmless pro-drug into a toxic metabolite specifically within the cell that
the enzyme is expressed and can thus act as a suicide gene. The co-expression
of such a suicide within a retroviral gene expression cassette would allow the
selective elimination of the gene modified graft upon systemic treatment with the
pro-drug [17, 181]. This approach has been somewhat limited by problems relating
to adequate expression levels in eukaryotic cells and the immunogenicity of these
enzymes. However, site directed mutagenesis to increase enzyme stability/activity
has resulted in the derivation of suicide gene which demonstrate increased efficacy
[17, 91, 102, 172]. The characterization of mammalian pro-drug activating enzymes
such as carboxylesterase may allow the substitution of bacterial/viral enzymes with
less immunogenic proteins [109].

Finally, transgene expression cassettes can contain cryptic post-transcriptional
regulatory elements such as splice donor/acceptor sites and polyadenylation sites.
While these elements will be detrimental in terms of reducing transgene expression
level, they also have the potential to mediate insertional mutagenesis via increasing
the potential of the vector to interrupt gene expression if the proviral integration
site lies in the transcribed region of a gene, as seen in the French β thalassemia
trial. Insertional mutagenesis or complete codon optimization can be performed to
eliminate these potentially mutagenic sequences [53, 89, 126, 145]. As with the use
of insulator elements, this has the added benefit of increasing transgene expression
levels and my therefore facilitate the use of weaker promoter elements which have
a reduced genotoxic potential.

6.7 Summary

The severe adverse events that have occurred in three gene therapy trials relating
to retroviral-mediated insertional mutagenesis have been a setback in the effort to
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translate the promise of hematopoietic gene therapy into successful clinical thera-
pies. Nonetheless, these unfortunate events have been the catalyst that has driven
the field to devise methods to dissect the mechanisms underlying the phenomenon
of insertional mutagenesis and to design new strategies to overcome this problem.
The resulting technology which has been developed to address this issue does not
only have direct application to the field of gene therapy, but may be used to study
other biological phenomenon relating to areas such as retroviral pathogenesis, stem
cell biology, cellular transformation, and cell signaling.
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Chapter 7
Bioinformatics of High-Throughput Insertional
Mutagenesis

Keiko Akagi, Ming Yi, Jean Roayaei, and Robert M. Stephens

Abstract Bioinformatics plays critical roles to handle large amount of sequence
data from insertional mutagenesis. First, computational approaches are used to
develop rapid sequence analysis pipelines and biological databases. Millions of
reads from an insertion mutagenesis screening are mapped to genomic locations and
be annotated to their target genes rapidly by pipeline, and such sequence-based data
is stored and managed in database to share the information in the scientific com-
munity. Second, statistical techniques are used to distinguish true common insertion
sites (loci that have been hit by insertions in multiple tumors: candidate loci for
cancer genes) from background insertions in large-scale screenings. Finally, the
advanced data mining techniques, pathway and network analysis, are used to give
further biological meaning to insertion sites by identifying the interaction of genes
in cancer. In this chapter, we discuss features of these three topics and address their
future roles: (1) development of sequence analysis pipeline and database, (2) detec-
tion of common insertion sites, and (3) network and pathway analysis of insertion
sites.

7.1 Sequence Analysis Pipeline and Database

7.1.1 Sequencing and Barcoding Technologies

Insertional mutagenesis is a great tool to find cancer gene candidates from various
tumor models [22]. The attempt to screen the insertion sites from retrovirus-induced
tumors started by using Southern blotting analysis and genomic library screen-
ing in 1980s [31, 70], but the utility of this approach greatly increased after the
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development of rapid insert cloning methods and the completion of mouse genome
project [43, 47, 66].

Recently, the non-Sanger-based next-generation sequencing technologies
enabled us to read the high volume of sequences in a reduced cost [59], and their
development will further increase the power of insertional mutagenesis as high
throughput screening approach. Currently, three major high-throughput sequence
platforms are the Genome Sequencers from Roche/454 Life Sciences [46], the
G2 Analyzer from Illumina/Solexa [6], and the SOLiD System from Applied
Biosystems (http://solid.appliedbiosystems.com). The comparison between three
platforms show a trade-offs between average sequence read length and the number
of sequence reads produced in a single run. The Illumina and SOLiD systems gener-
ate ten-fold more reads than Roche/454 Sequencers, but they provide much shorter
read length of 35–50 bp than that of Roche/454 Sequencers, 250 bp [57, 59]. The
longer read length of Roche/454 Sequencers makes the system ideal for insertional
mutagenesis screenings with a barcoding approach. Historically, “barcodes”, unique
DNA sequence identifiers, have been used in EST-based gene discovery projects to
distinguish tissue sources of pooled cDNA libraries [26]. In insertional mutagenesis
screenings, researchers analyze multiple tumors and/or tissues from many individ-
uals, and the number of necessary insertion reads in each sample is much smaller
than the capacity of the Roche/454 sequencer. To overcome the limited number of
samples sequenced in parallel by the physical separators of sequencer, barcodes
(∼10 bp) are assigned to each insertional mutagenesis sample. The presence of bar-
codes allows independent samples to be pooled together for sequencing and allows
the bioinformatic segregation of the output from sequencers afterwards. The length
of the barcodes should be determined to allow the unambiguous assignment of bar-
codes and to minimize the base reads used for barcodes. For Roche/454 sequencers,
the design of barcodes should consider the pyrosequencing error characteristics. For
example, to avoid homopolymeric runs in pyrosequencing technologies, the bar-
codes should avoid including more than two successive occurrences of the same
nucleotides for 10 bp barcodes [52]. With the careful designed barcodes, ∼98%
of the sequences can be assigned to a correct sample [38]. This approach greatly
enhances the saturation of insertional mutagenesis screenings.

7.2 Sequence Mapping

Collected sequences from insertional mutagenesis are mapped to the genome
assembly of model organisms to identify the genomic characteristics of inser-
tion sites. The mouse genome was sequenced from C57BL/6 J mouse strain, and
the assembled genome was distributed to three genome browsers (UCSC, NCBI,
and Ensembl) [74]. The genome sequence assembly in these genome browsers
is updated periodically (the latest release: NCBI build m37, October 2007), and
genomic coordinates along the chromosome can change dramatically in different
assemblies because of changes in sequence data or algorithm implementation. When
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there is a doubt of error in a region of the assembly, it is worth to review the
mapping record of insertion sites for older versions of the genome assembly. NCBI
also provides limited genome assemblies from alternative mouse strains (mixed
strains by Celera whole genome shot-gun sequencing and 129 substrains) [50], and
Sanger Institute is attempting de nove assembly of sequences of 17 mouse strain
genomes on Illumina’s GA platform [63]. These alternative assemblies can be used
to map insertional mutagenesis sequences to strain specific regions.

To align sequences of insertion sites to genome, two sequence alignment pro-
grams are used frequently: BLAST (Basic Local Alignment Search Tool) [3] and
BLAT (BLAST-like Alignment Tool) [39]. Both programs find regions of local sim-
ilarity between sequences, and they rapidly scans for short sequence matches and
extends these matches into high scoring pairs. However, the BLAT algorithm builds
an index of the genome assemblies before any searches are performed to achieve
faster speed than BLAST does. The BLAT program is sometimes not as sensitive as
BLAST, but it is much faster and often used to find the position of an insertion site
sequence in genome.

Once mapped, the insertion site sequence is checked for the alignment at the
junction of mutagens (such as retrovirus’ long terminal repeat) to identify the posi-
tion and direction of insertion in genome. The direction of insertion site helps to
identify the target genes because mutagens affect genes more severely in certain
gene locations and directions. For example, retrovirus insertions are more likely
to enhance expression of genes when they are located in the upstream of genes in
the antisense orientation or downstream in the sense orientation [72]. Mutagenic
Sleeping Beauty transposon vectors are designed to affect genes in a directional
manner [14, 23]. In addition to the direction of insertion site, the number of redun-
dant sequences, how many redundant sequences arose from the same tumor and
mapped to the same position in the genome, also provides useful information. In
a shotgun-cloning project, insertions with higher redundancy are more likely to be
clonal and early insertions in tumorigenesis by Southern blot [19]. If there is no
severe bias in cloning step, the frequency of redundant read for an insertion site serve
as an indicator of the copy number of insertion, penetrance, in the tumor library.

7.3 Target Gene Identification

After the mapping of insertion sequences to genome, the annotation of these inser-
tions sites to neighboring target genes becomes an important step. RefSeq is a crated
non-redundant collection of genomes, transcripts, and proteins [54]. The genes in
RefSeq are supported by experimental evidence and multiple quality assessment
tests; the gene set is ideal to annotate insertion sites to confirmed genes. Recently,
reports show the involvement of microRNAs and non-coding RNAs in retrovirus
insertion sites [17, 34, 61], and some microRNAs are suggested to act as onco-
genes in human cancer [8]. The miRBase [28], database for published microRNAs,
is another useful gene set to identify the potential involvement of microRNAs in
insertion sites.
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In addition to gene databases, medical and phenotype databases contribute to the
process of target gene identification for insertion sites. To identify whether the target
gene of insertion site is a known human cancer gene, Cancer Gene Census works
as a great resource. The Cancer Genome Project at Sanger Institute conducted a
census of cancer-causing genes from literature [25], and they provide the list of can-
cer genes and their mutation/tumor types (367 gene; October 2007 release). More
than 40 of these loci are also identified as common insertion sites from the retro-
virus insertional mutagenesis screening [72]. To search non-cancerous phenotypes
in human, Online Mendelian Inheritance in Man (OMIM) [30] provides informa-
tion about human genes and their disease phenotypes. To identify the phenotype
in mice, Jackson Laboratory’s Mouse Genome Database [11] provides information
about phenotypes for gene-target mouse.

7.4 Insertional Mutagenesis Database

To efficiently store and manage sequences and annotated data, a relational database
plays an important role for insertional mutagenesis. A relational database is
a database that organizes data into tables and represents relationships among
those tables, and these relationships enable users to combine data from multiple
tables [18]. To manage relational databases, there are many database management
systems available. Popular systems are Oracle (http://www.oracle.com), MySQL
(http://www.mysql.com), and PostgreSQL (http://www.postgresql.org). In typi-
cal insertional mutagenesis screenings, a database requires following tables to
perform basic functions: (1) genotype or phenotype information of mice, (2) his-
tology/pathology report of tumors, (3) raw and processed sequence of insertion
sites, (4) mapping information of insertion sites, and (5) annotation information
on mapped insertion sites. Each table is linked to one or more table through key
columns such as mouse ID, tumor ID, and sequence ID, and SQL queries are
performed to merge distinct tumor data sets and to facilitate annotation process.

To share the data of insertional mutagenesis in wide scientific community, several
groups created web-accessible databases [1, 56, 65]. One such database, Retroviral
Tagged Cancer Gene Database (http://rtcgd.ncifcrf.gov), was created to provide the
opportunity to analyze multiple data sets from mouse tumor models to be analyzed
as one [1]. This database contains a collection of more than 15 retroviral inser-
tion screens and 2 transposon insertion screens for cancer genes. Currently, there
are approximately 14 000 insertions derived from 1900 tumors in the database, and
the tally is regularly updated to include new screening sets from recent publica-
tions. This resource provides tools to compare different screenings from different
mouse backgrounds and to find interactions between cancer genes. In addition, these
datasets have been linked to other biological resources and been annotated onto
the mouse genome browsers at UCSC (http://genome.ucsc.edu) to reflect the latest
genome annotation around the insertion sites.
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There are a couple of ideas to enhance the insertional mutagenesis resources.
First, current resources show only cancer gene candidates identified in each screen-
ing set. It would be useful to introduce a tool to reveal the cancer gene candidates
across the multiple screening sets. Second, the resources lack a tool to identify
cancer gene candidates those are highly specific to a specific tumor type or tumor
model. For example, it is useful to find genes significantly enriched in B-cell tumors
compared to T-cell tumors. Similarly, as an extension of this tool, a tool to iden-
tify specific biological pathways in specific tumor type and model would be useful,
too. Finally, the current and future resources should collect more information about
tumors from data source. Adding high-throughput data from various microarray
technologies, such as gene expression and copy number variation, to database will
further enhance the understanding of effect of insertions in tumorigenesis.

7.5 Detection of Common Insertion Sites

7.5.1 Statistical Approaches of Common Insertion Sites Detection

Common insertion sites (CISs) are loci that have been hit by insertions in multiple
tumors. Since insertions occur independently in each tumor, it is unlikely to find
the same locus from multiple tumors by chance alone. Such insertion hotspots are
more likely to be the result of selective advantage of tumor cells by these inser-
tion loci, and CISs are highly correlated to cancer-causing disease genes [22]. In
the early days, researchers screened CISs from small number of insertions and
confirmed them by southern blot method. However, when researchers started to
perform large-scale insertional mutagenesis screenings by PCR-based methods,
the definition of CISs started to raise statistical questions. Since the total size of
mouse/human genome stays constant, it is more likely a screening contains ran-
dom/background CISs when the screening collects large number of insertions. In
addition, since the probability of observing common insertion sites depends on
the number of possible pairings of genomic slots, the probability increases very
rapidly when the size of screening grows [24]. To analyze large-scale screenings for
CISs, it became necessary to attach statistical significance to the definition of CISs,
and three statistical approaches are developed to control the probability of finding
false CISs.

First, Mikkers et al. used mathematical approach to define CISs [47]. They
assumed the random insertions in genome follow the Poisson distribution and
defined CISs as two insertions within 26 kb or three insertions within 236 kb for
a set of 500 retroviral insertions. The basic statistical assumption here is to treat
random common insertions in the mouse genome follow a Poisson probability dis-
tributions [7]. These insertions are occurring at a constant rate say, at per unit of
time. They divide each unit of time into N subunits and generate a random number
to determine whether a new CIS has arrived. They statistically generate these times
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using an exponential probability distribution. The approach is effective to calculate
the expected numbers of CISs based on formula quickly, but this method does not
allow taking into account of preferential insertion loci.

Next, Suzuki et al. performed computer simulations to assess non-randomness of
insertion sites in tumors [66]. They created 1200 random insertions into a genome
(2.6 × 106 kb in length) and counted the number of insertions in various window
sizes for 100 000 Monte Carlo trials. Based on these computer simulations, they
used 30, 50, or 100 kb window sized for two insertions, three insertions, or four
insertions, respectively. Monte Carlo Simulation is a statistical method of itera-
tively evaluating a deterministic model (a model that does not include a random
error term) using sets of random numbers as inputs or explanatory variables [75].
This technique is used when the deterministic model is highly nonlinear or includes
several parameters subject to variation. The Monte Carlo technique is one way to
analyze uncertainties introduced into a deterministic model. The statistical aim is
to determine how random variations, lack of a priori knowledge, or random error
affects the sensitivity, precision or reliability of the biological system that is being
statistically modeled. This approach allows precise modeling of genomic insertions,
but the computation takes long time to identify the ideal window sizes for different
screening sets.

Finally, Jeron de Ridder et al. have used a statistical technique called “Kernel
Density Estimation” to locate the regions in the genome that show a significant
increase in insertion density [21]. In previous two methods, one, two, or three prede-
termined window sizes are used to detect CISs. In contrast, they have implemented
this technique at different scales to be able to evaluate the data set at any rele-
vant scale. For any position in the genome, an estimate of the number of insertions
can be calculated by summing all the kernel functions. Applying a kernel convo-
lution would smooth the observed insertion in a region close to this insertion, and
using kernel convolution removes the problems associated with the data sparseness
in genomic data sets. The authors have used a Gaussian probability distribution as
kernel function to locate CISs. Their approach is an improvement over ad hoc and
non-axiomatic probability models such as using different simulation models that
are not reproducible and repeatable for other biological scientists to follow. The
authors also attempted the background correction for murine leukemia virus (MLV)
insertions based on their preference near transcription start sites.

7.6 Bias of Insertion Site Preference in Genome

To distinguish cancer-causing CISs from background CISs, researchers need to
know the bias of insertion site preferences of mutagens. Both retroviruses and trans-
posons have distinctive preferred targeting regions in genome [12]. As for Sleeping
Beauty (SB) transposon, it targets TA motif widely in genome and shows less inser-
tion site bias toward genes than retroviruses do [73], [78] #18. SB transposon is
an attractive mutagen for disease gene screens, but it has a strong preference to
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transpose around the donor concatamer (local hopping). Because of this nature, the
SB insertion sites mapped to the same chromosome as the donor concatamer cannot
be distinguished from background CISs easily. As for retroviruses, the situation is
more serious. For example, murine leukemia virus (MLV) so strongly favors pro-
moters of active genes [76] that CIS by chance alone can happen more frequently
than expected by the statistical consideration [77]. To detect CISs from highly non-
random insertions, the biological characteristics of insertions and CISs should be
utilized.

First, it is necessary to build more realistic assumption of background inser-
tions than random insertions in entire genome. Ideally, researchers should sample
the large numbers of unselected insertion sites from the mutagen treated host-cell
type for their screenings. When it is difficult to obtain the experimental data for
unselected insertions, the estimated distribution should be build from the known
preference of mutagen. For example, since MLV insertions tend to occur near pro-
moter regions of active genes, the distribution of MLV insertions can be estimated
based on genomic information such as known transcription start sites, expression
levels of transcripts, and chromatin structure in host-cells. Based on the realistic
background distribution of insertions, statisticians can calculate the number of CISs
by chance and can adjust the significance estimates of CISs for hotspots.

Second, the frequency of insertion reads (number of redundant reads from high-
throughput sequencing) can work as a filter for CIS detection. Current statistical
approaches treat all insertion sites equally, but the frequency of insertion reads
in tumor can be used to weight or prioritize insertion sites in statistics. A cancer
causing insertion happens early in the tumor development and has many copies in
tumor library. Although there is a chance that a non-oncogenic insertion is pig-
gybacked to a cancer-causing insertion in tumor, insertions with many redundant
reads are more likely to play important roles in tumorigenesis than insertions repre-
sented by only one read. By using the frequency of insertion reads, it is possible
to filter or eliminate non-oncogenic insertions from high-throughput sequencing
screens.

Finally, the patterns of insertion site directions can be an indicator for selection of
cancerous mutation. In retrovirus tagged cancer gene database (RTCGD), common
insertion sites (CISs) show strong orientation bias relative to genes. For example,
70% of retrovirus CISs are antisense oriented in 5′ of genes while 45% of non-CIS
retrovirus insertions are antisense oriented in 5′ of genes (Table 7.1). As for SB
transposon insertions in RTCGD, 75% (75/99) of CISs are sense oriented in inside
of genes while 51% (102/199) of insertions in control embryo samples are sense
oriented in inside of gene. Since retroviruses and transposons show no orientation
bias relative to genes at the time of insertion (i.e. 50% in sense direction) [5], these
direction biases are likely the selection result of tumorigenesis. When an insertion
cluster shows patterned insertion orientation (such as a cluster of five insertions with
100% antisense orientation at 5′ location), the cluster has higher potential to be a
true cancer-causing CIS. By applying simple statistics (such as binomial statistics),
the significance of orientation bias in a CIS cluster is evaluated and can be used to
predict the biological importance of the CIS.
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Table 7.1. Location and orientation of retrovirus insertion sites relative to RefSeq

A. Retrovirus insertions not marked as CISs in RTCGD

5 prime inside 3 prime

direction Frequency Total (%) Frequency Total (%) Frequency Total (%)

sense 747 54.61 909 51.62 344 46.30
antisense 621 45.39 852 48.38 399 53.70
Total 1368 100.00 1761 100.00 743 100.00

B. Retrovirus insertions marked as CISs in RTCGD

5 prime inside 3 prime

direction Frequency Total (%) Frequency Total (%) Frequency Total (%)

sense 314 29.65 416 55.03 298 62.08
antisense 745 70.35 340 44.97 182 37.92
Total 1059 100.00 756 100.00 480 100.00

7.7 Pathway and Network Analysis

Although retrovirus-based high throughput (HTP) insertional mutagenesis and
genetic screening technologies have received a great deal of attention in past few
years, many of the studies have been have primarily focused on the large numbers
of identified common insertion sites (CISs) individually. In addition, those insertions
that were found in only a single tumor are generally considered as random events
and not considered further in terms of their potential biological impacts on tumori-
genesis. In recent years, pathway and biological network analysis have emerged as
categories of promising analysis methods for HTP data. Such an analysis method
is getting more and more attention in genomics and other “omics” fields in both
academic and industrial settings. The advances in algorithms, methodology and
databases in pathway analysis provide a great opportunity for retrieval and interpre-
tation of underlying biological themes from the insertional mutagenesis screening
data in an integrative way. This holds even greater promise because of the possi-
bility of considering genes proximal to the insertion sites not only at the individual
gene basis as in conventional CISs, but also at the level of pathways, gene sets,
and even biological networks. Furthermore, it is possible that the rare insertion sites
not previously considered can be included together for possible additional insights.
This chapter will focus specifically on pathway and network analysis of insertional
mutagenesis screening data. First, we will provide a brief overview of concepts
and methodologies of pathway and network analysis. Then, we will describe the
potential applications of pathway and network analysis to insertional mutagenesis
screening data. Lastly, we will describe the perspectives of integrative discovery
by combining microarray data (expression, CGH) and other HTP technologies with
insertional mutagenesis screening data for pathway and network analysis.
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7.8 Overview of Pathway and Network Analysis

Pathways have been conventionally used for display, representation and interpreta-
tion of biological processes in a visual fashion in biomedical research for a long
time. At the molecular level, a picture of an active cell or organism can be envi-
sioned as an interconnected network of molecular components, which consists of
functional units in topologies characteristic of pathways functionally linked to one
another as biological processes of certain well-defined cellular functions. Everyone
with coursework in biochemistry will remember these diagrams. This networked
view of biology, along with pathway-level details brings the biological context for
systematic understanding of molecular systems of living entities.

Since the earliest pathway visualization web interface of Kyoto Encyclopedia of
Genes and Genomes (KEGG) [36, 49], many well-defined pathways were curated
into a variety of pathway databases including the BioCarta pathway collections
(www.biocarta.com/genes/allpathways.asp) and the Science STKE Cell Signaling
pathway database (http://stke.sciencemag.org/cm). These databases are often hand-
curated by the actual communities performing various research projects so there is
considerable validation associated with the data. Until recently, software tools were
implemented to incorporate pathway content mainly for the purpose of visualizing
and analyzing high-throughput data including but not limited to GenMAPP [16],
Pathway Processor [29], Pathway Tool [37], Cytoscape [60], ViMac [44], Osprey
[10], WPS [79], PathSys [4]. Among them, Cytoscape has gained increased pop-
ularity largely due to the contributions from many groups and the application still
continues to evolve.

Most of the pathway analysis tools focus more on visualization of data in the
context of pathways and/or networks, and only some tools may provide statisti-
cal assessment of the reliability of each differentially expressed gene [29]. Among
them, WPS was probably the first tool that allowed simultaneous visualization of
multiple HTP data in the context of one or multiple pathways [79]. WPS is also
probably the first tool that attempted to integrate analysis results from enrich-
ment analysis or over-representation analysis (ORA) with networks of genes and
associated pathways or terms.

More recently, part of the collection of pathway and network analysis tools
also came from commercial sources including Pathway Studio [51]; a product of
Ariadne Genomics, www.ariadnegenomics.com), PathArt (a product of Jubilant
Biosys Ltd, www.jubilantbiosys.com), Ingenuity Pathways Analysis tool (a product
of Ingenuity Systems Inc, www.ingenuity.com), MetaCore (a product of GeneGO
Inc, www.genego.com) and the Genomatix software suite GmbH (a product of
Genomatix, www.genomatix.de). These tools provide a variety of interfaces for
the visualization of gene networks, natural language processing (NLP) extracted,
or hand-curated biological pathway/association network databases from literature
mining, and usually accepted gene-list based data input for data integration. Some of
the tools have nice integration with enrichment analysis and promoter analysis such
as the Genomatix promoter analysis module MatInspector [13] and BiblioSphere
module [58] as well as the Ingenuity pathway tool.
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A conventional analysis scheme using these tools usually begins with identi-
fying differentiated genes using statistical methods and tools [80]. The next step
is typically to use pathway/network-based tools to map these identified genes into
the context of pathways or biological networks and seek the connection of these
genes within pathways and networks for clues of embedded biological themes by
means of color cues for data integration, gene-gene or gene-term association rela-
tions implicated by connections of nodes in pathways or networks, and higher levels
of network features such as hubs derived from the graphical layout of network archi-
tecture. Some tools have the capacity to use the results of enrichment analysis to
filter and simplify the networks to focus on specific sub-domains of the networks
or sub-networks including WPS [79]. Others such as Cytoscape [60], MintViewer
[81], and Osprey [10] that focus more on network views and queries of the data,
have included features for viewing and querying larger subsets of the networks of
association relations such as the interactome on a more global scale. One tool named
VisANT [33], which attempts to integrate interactome data from different sources,
has the ability to uncover orthologous networks, and perform exploratory data min-
ing and basic graph operations on arbitrary networks and sub-networks, including
loop detection, degree distribution (the distribution of edges per node) and short-
est path identification between various component genes or proteins. Some very
recent efforts have focused more on exploring the topology and architectures of
the networks in conjunction with high-throughput data to seek biological scenarios
[42, 71].

It should be pointed out that due to the relatively large number of network and
pathway tools available for biologists and bioinformatitians to use, that making the
decision of which should be used for each application can be a complex process that
often involves personal preferences as much as anything else. Side-by-side com-
parisons among these tools should be made to help users make the best use of the
tools. Some comparative efforts have been made [64] [79]. Such a comparison task
is complicated by the fact that many of these applications are considered “works in
progress” with additional features and capabilities being added almost daily.

As a close relative to pathway/network based analysis approaches, there are a cat-
egory of related but different methods based upon pre-declared gene-sets. A gene set
is a collection of genes that have some functional relevance or relationship (either
known or hypothetical) that are put together as a group or a set, which were anno-
tated as representing a certain biological meaning (e.g., GO terms; GSEA annotation
terms). In the broader pathway definition, a pathway consists of not only a set of
genes, but also includes some physical connection or gene-to-gene relations, usu-
ally presented graphically. In contrast to a pathway-based method, a gene-set based
approach only considers the fact that the genes in a defined gene set are grouped
together based on their association with an annotation term, common functional or
structural feature, but without regard to information of any direct relationship such
as protein-protein interaction, kinase versus substrate etc.

Gene-set based analysis methods, also referred to as modular methods, include
but are not restricted to enrichment-based analysis (or over-representation analysis,
ORA), functional class scoring (FCS), global tests, and a singular value decompo-
sition or SVD-based method.
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Over-representation analysis (ORA), also called enrichment analysis is a very
popular current approach that begins with pre-defined gene lists (e.g. differential
genes between tumor and normal tissues), which are subjected to analysis for enrich-
ment levels that evaluate which functional categories are represented in the lists
more than expected by chance. These methods are usually based on a one-tailed
Fisher’s exact test [2, 32, 79]. Many software tools have implemented this algo-
rithm including but not limited to EASE/DAVID [20, 32], GOminer [82]; Fatigo
[2], T-profiler [9], WPS [79]. One caveat for such methods is that since they present
a ranked list of terms based on the Fisher’s exact test p-values or enrichment type
scores, they are quite sensitive to the cutoff value used for getting the gene lists [53]
initially.

As an alternative, functional class scoring (FCS) usually starts with all genes
from a dataset that are then ranked based on their expression differences in terms
of statistical significance (e.g., t-test p-values between the two classes and p-value
based aggregate scoring FCS method [53]), based on their expression differences
in terms of fold change versus a normal distribution [40], or based on correlation
levels between their expression in the two classes (e.g., SNR, the signal to noise
ratio in GSEA method) [47, 62, 67], or based on correlated expression pattern [41].
Once these rankings, statistical values, or correlation levels of individual genes are
derived, aggregate class scores for functional categories are derived with different
algorithms that rank the functional terms. The most popular one among this cate-
gory is probably the GSEA method (www.broad.mit.edu/gsea). The GSEA method
has recently been improved by the addition of more GSEA annotation terms as well
as the ability to deal with terms or gene sets of different sizes [48, 62], since it was
argued by others that the GSEA method may be biased toward assigning higher
enrichment scores to gene sets of large size [17]. Such methods have demonstrated
increased sensitivity in detecting subtle consistent changes within a gene-set across
samples of a class relative to another class that were missed by methods that con-
sider only single gene-based enrichment. This suggests that further gains the ability
to draw insights may be made by additional approaches that view individual gene
changes in a pathway context more generally (see below).

Other group testing methods include the global test method, which looks for asso-
ciations between the global expression pattern for a group of genes and a variable
of interest (e.g., a clinical outcome) [27]. A singular value decomposition or SVD-
based method has been developed that uses the first metagene derived from singular
value decomposition (SVD) as the basis for calculation of a defined pathway activity
level [69].

7.9 Pathway and Network Analysis of Insertional Mutagenesis
Screening Data

Early work on insertional mutagenesis screening has been mostly focused on com-
mon insertional sites (CISs), which have led to identification of many genes that are
involved in mouse tumorigenesis. Such genes are well documented in the RTCGD
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database (http://RTCGD.ncifcrf.gov) [1]. Recently, high-throughput screening has
significantly increased the amount of data and at the same time also increased the
challenge and the burden of data analysis. Ultimately, the goal of such HTP screen-
ing is to not only identify as many CISs as possible to uncover the proximal genes
of these CISs individually, but it may be even more important to put all the pieces
together to interpret the underlying biology and the connections among these genes
at CISs and hopefully generate insights for tumorigenesis mechanisms. Pathway and
network analysis provides a great opportunity to fulfill such a goal. Evidence has
shown that many pathway/gene set based analysis methods or group testing meth-
ods identify the same pathways that had already been shown to be involved in the
pathogenesis of prostate cancer derived from different prostate datasets, and these
pathways/gene sets appeared to be more consistent than simple gene signatures [45].
More interestingly, with the help of pathway and network analysis, it is even possi-
ble to include the insertions found in only a single tumor that have previously been
ignored in the analysis.

In conventional analysis methods for high throughput data such as that produced
by microarrays, gene signatures or differentiated genes can be generated based on
their consistent behavior across the sample population. Gene signatures have usu-
ally been referred to as a set of genes whose change in behavior (e.g., transcription
level, protein expression levels) reflects the change of biological states or stages of
disease progression. Some of these gene signatures have been used as biomark-
ers or therapeutic target lists. Usually, signature genes were identified and then
confirmed in follow-up studies. In other cases, signature genes have been widely
used to develop classifiers or predictive models for the purpose of diagnostic class
prediction. Similar to the conventional way of identifying gene signatures or dif-
ferentiated genes, the genes at or near CISs were selected as significant genes from
insertional mutagenesis screening. The screening procedure is based on the repeated
and consistent incidences that the virus insertion sites occur around these genes in
independent tumors significantly more than expected by chance [35, 47, 66]. These
genes can be treated as “signature” genes, which in many cases can be biologically
relevant to the tumorigenesis that is caused by these viral insertions and their corre-
sponding impact on the proximal genes. However, although efforts have been made
to use computational approaches to correct for the increased probability of finding
false CISs as the amount of available data increases [21], it is still possible that
some of these CISs may solely reflect the “easy” or “open accessible” sites for viral
insertions in the genome, which may not be the real “causes” for the underlying
tumorigenesis mechanisms we are searching for. These CISs have been classified
as bystander integrations and result from the fact that many of the tumors analyzed
contain multiple integration sites so that the real culprit is not always immediately
apparent. In contrast, some other CISs or even rare single insertion sites may have
a real impact on tumorigenesis-relevant genes by working together at the level of
a pathway or gene set in each individual. These rare sites in concert could in some
cases be the real biological processes relevant to tumorigenesis that we are search-
ing for. In other words, it may be the common biological processes, pathways, or
gene sets that lead to the tumorigenesis, which are not necessarily common at the
gene level or at the level of insertion sites.
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Cancer is a complex disease thought to be caused by many biological and genetic
events that break through the multiple checkpoints required for tumor progression.
Genes that are involved in these multiple checkpoints or biological processes are
not necessarily interfered with by the viral CISs, considering the fact that although
these insertional mutagenesis screenings were performed at high throughput scale in
the sense of over the whole genome, but the number of subjects or mice used in the
screenings were still largely limited and relatively small compared to a large num-
ber of genes and insertional sites in the genome. This fact would cause many of the
genes residing nearby CISs and involved in tumorigenesis, which would be observed
as CISs in a larger population, to be observed only as rare or single insertion sites
in current relatively small sample population due to the scope of study and/or other
factors such as budget constrains. Thus, some of the CISs may represent false dis-
covery due to the existence of “easy” or “open accessible” viral insertion sites in the
genome, whereas some rare insertion sites would be biologically relevant, which
were “downgraded” from “CISs” due to sample size. CISs-based approach alone
may be limited by the “random” and biologically unrelated but “easy” insertion
sites in the genome and consequently may not be useful for uncovering the whole
repertoire of tumorigenesis mechanisms. Fortunately, pathway and network analy-
sis would be able to help put all these pieces together and uncover the underlying
tumorigenesis mechanisms, not only at level of individual genes initially relying on
the CISs, but also more commonly than the CISs at the level of pathways or gene
sets by taking account of these known CISs as well as genes that are influenced by
other rare insertion sites.

Indeed, there are some great advances that have been made recently with
pathway-level efforts. In one of the studies, CIS-associated genes were first iden-
tified and associated pathways such as Ras signaling pathways and Notch pathways
were uncovered [68]. Then genes that were never linked to cancer were also further
pursued and some of them such as Rspo3 turned out to strongly enhance onco-
genicity [68], suggesting it is always a possibility that genes and pathways that
were not related to cancer previously may be indeed involved in oncogensis. The
enrichment levels of common gene families and protein domains among the genes
associated with RISs (Retroviral integration sites) were analyzed and many of gene
families that are known to be involved in cancer were identified as the result of
such enrichment analysis. In addition, the pathways and cellular processes that these
RIS-associated genes are known to be involved in could also be verified through
commercially and publicly accessible pathway and/or network analysis tools such
as the Ingenuity Pathway Analysis tool mentioned earlier [68]. In addition, tagged
genes in three different tumors are compared. Microarray data and qRT-PCR for
expression analysis were performed to confirm the de-regulation of these CISs or
RISs associated genes in general in mouse tumors [68]. Although several similar
studies exist, this study is a very nice example of how pathway and network analysis
can have significant impact on interpreting the screening results at both the individ-
ual gene and pathway levels. Since pathway and network analysis has a much wider
conceptual range and many categories of functional annotations that consider the
combined functionality of multiple genes as a functional group, biological themes
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that could have been missed from gene-level or CISs-based analysis now can be
retrieved as novel underlying biological themes.

Despite the recent effort using pathway analysis in the above example, there are
more comprehensive ways to consider the same screening data. First of all, it would
be more helpful to have more thorough comparison of different tagged genes in three
different tumors at the pathway-level, not just in a limited table format. Secondly, for
the genes that are associated with CISs and even the genes associated with the single
insertion site, although this study did use enrichment analysis to identify enriched
gene families and signaling pathways, the combined gene list was used for the analy-
sis. This would give only an overall estimation of the involved genes of the insertion
sites in the sample population of the entire data set screened using the enrichment
levels of signaling pathways. However, it should be noted that each of the tumor
samples obviously had derived the ability to produce a tumor and thus must have
altered sufficient genes through its insertion sites for the transformation process to
occur in the first place. In addition, one insertion at the proximal region of one or two
critical genes in a pathway could change the entire pathway. Since such screening
only looks over much lower numbers of genes at the viral insertion sites, it is very
important for the analysis to take account of both ListHits (number of genes from
the interested gene list hit or are annotated in a pathway) and enrichment level (with
a significantly higher than expected number of genes annotated in the pathway from
the interested gene list, in this case, genes coming from the screening) consistency
across the screening sample population for the intended pathway would be a better
choice compared to simple enrichment analysis on the overall gene list from the
insertion sites. All of these analyses can be potentially done in one single software
tool: a Pathway Pattern Extraction pipeline (Yi and Stephens, unpublished work
on Pathway Pattern Extraction pipeline). This Pathway Pattern Extraction pipeline
can collect the ListHits, enrichment levels, or even FDRs of each individual sample
screening for a pathways and then combined into a matrix file for pattern extraction
at the pathway-level and look for the commonly hit pathways with ListHits, or com-
mon enriched pathways with enrichment scores (or levels) or FDRs. This pipeline is
flexible in setting up the template for extraction of patterns at pathway level across
lists using ListHits or enrichment scores. For example, as for the screening data
mentioned above, the comparison of different tagged genes in three different tumors
at the pathway-level can be used with this pipeline. Common or unique “hit” or
enriched pathways can be extracted and used to create heatmap type views for the
ListHits or enrichment level across the different tumors and this is much easier to
visualize than tabular format produced with other methods. Using this method, the
details of each pathway either common to all or unique to individual tumors can be
examined more closely for their associated genes in each tumor. In addition, sample-
wise gene lists that were associated with CISs and even the genes associated with
the single insertion sites in each screening sample can be analyzed in a similar way
with this pipeline, considering for their ListHits and enrichment level of pathways
and combined for consistency analysis or pattern extraction at pathway-level. Such
an analysis scheme in combination with what has been done in the study [68] could
set up an alternative way to analyze insertional mutagenesis data in general.
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With the help of large pathway and gene-gene association annotation knowl-
edge databases, either from literature mining or from hand-curation efforts in many
commercial and academic pathway and network analysis tools mentioned earlier,
such an analysis scheme can be done in a more integrative fashion. As seen in the
study mentioned as above [68] it is common to use the whole gene lists derived
from CISs and even single insertion sites to generate gene-gene association network
for pathway and network analysis, and then analyze the network as a whole for
embedded biological themes from the gene-gene associations and functional cat-
egory enrichments. That analysis gives us the underlying biology from the entire
screening experiment as a whole. However, each individual screening sample devel-
oped a tumor on their own on top of the viral insertion sites within the genome of
corresponding sample. Between these individual tumors, they may share common
genes from CISs, but even more likely they may share the same biological processes
or pathways that the insertions on each individual have impacts. One way to capture
this additional information is to use the Pathway Pattern Extraction Pipeline applied
directly to each insertion site-associated gene list from each screening tumor sam-
ple as described earlier (Yi and Stephens, unpublished work on Pathway Pattern
Extraction pipeline). An alternative way would be to generate association networks
from each insertion site-associated gene list from each screening tumor sample, and
try to compare the embedded biology combined within these networks. In spite of
a lack of solid algorithms and methods for direct comparison of association net-
works derived from different studies or corresponding gene lists, the comparison
can be done based on enrichment level for pathways or gene sets similarly using
the Pathway Pattern Extraction pipeline [82]. However, with extra genes derived
from the association networks, which were built with the original insertion site-
associated gene list, based on curated association relations, such comparisons can
be further performed using the associated genes derived from search of the anno-
tation enriched knowledge databases, which extends the scope of genes just at the
proximal regions of the insertion sites of screening to their associated genes at large
from other studies in the field based on literature. This effort would connect the local
gene contexts from screening with the global gene contexts that were derived from a
much large scale analysis in the literature. This analysis scheme is expected to help
deepen the pathway or network context from the local domain to the much wider
global domain and would help uncover novel pathways that previously were not
known to be involved in tumorigenesis. We have performed a preliminary analysis
based on this method and which demonstrated its effectiveness [19]

7.10 Integrative Discovery with Other Sources of HTP Data

Insertional mutagenesis screening usually only retrieves a limited number of genes
at the proximal regions of CISs. Although one insertion at the proximal region
of a critical gene of a pathway or biological process could have the potential to
change the entire relevant pathway, many of the changes that occur in a pathway
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would not be revealed without the help of other high-throughput technology such
as microarray or proteomics. Evidence has shown that with the help of other
sources of data such as genome-wide expression data measured by microarray
technology or high throughput qRT-PCR, or even clinicopathological data for the
purpose of validation and verification, the discovery would be largely consolidated
with much greater confidence [68]. Although public data (e.g., Microarray data
previously published or stored in Gene Expression Omnibus or GEO database:
http://www.ncbi.nlm.nih.gov/geo) could be an easily accessible data resource used
for integrative discovery [68], it would be better if it is feasible to perform microar-
ray experiments on the same tumor subjects that come from the screening. The
microarray experiment on the screening subjects would provide direct evidence on
the interference of genes by proximal viral insertion based on the change of their
expression levels, provided they were compared with expression data derived from
the same mouse strain. In addition, since microarray measures expression levels at
the genome-wide scale, the responses of other related genes such as genes in the
same pathway or under control of the interfered gene if it is a transcription factor
could have been also measured in the same microarray data for side-by-side compar-
ison. Such data would give first-hand evidence that a viral insertion would generate
a cascade of responses at transcription level that are either at the scope of a pathway
or as co-regulated by a transcription factor that was impacted by the viral insertion.
If compatible microarray data in terms of tissue type or tumor type is available from
public data repository such as GEO database, they can be downloaded and used for
analysis along with the screening data in a similar way as described et al [68]. Other
resources include Oncomine database [55] and ArrayExpress However, since the
microarray data and screening are not derived from the same subject and each tumor
more likely would behave differently at individual gene level, only overall impacts
can be assessed at more of population level in between the downloaded microarray
data and screening data. Only the microarray data from the same screening subject
with each tumor would match with the specific viral insertion scheme in the corre-
sponding tumor and would measure the specific response from such viral insertion
scheme in this tumor. One of the potential issues in such a situation is that microar-
ray data usually has to compare something as baseline expression such as tumor
vs. normal, treated vs. untreated. This may be overcome by using the tumor and
normal tissue of the same type from the same screening mouse. In addition, due to
the high throughput feature of microarray technology, it is usually performed with
either technical or biological replicates. In our screening experiment, it would be
hard to have “true” biological replicates since most of the tumors may have different
schemes of insertion sites in large portion of viral insertion sites in spite of existence
of CISs. However, they can be treated as biological replicates as the same class
in comparison with the normal tissues as baseline class, such that in this case, the
common transcription responses among the tumor population could be uncovered in
line with the genes of CISs. Alternatively, each tumor would be treated differently,
but with the help of technical replicates it is possible to uncover the specific tran-
scription response for each individual tumor with a specific viral insertion scheme.
The combination of each of the viral insertion positions in individual tumors would
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provide clues to the complete repertoire of tumorigenesis mechanisms. Therefore,
depending on how to use the microarray data, different aspects of the study would
be addressed accordingly. Furthermore, although one viral insertion as one of the
CISs at the proximal region of a critical gene of a tumorigenesis-related pathway
or biological process could be one common initiating process for tumorgenesis in
general, at the individual level of tumor samples, the changes of proximal genes
caused by multiple rare insertion sites could have synergistic effect at a pathway
level when multiple genes at the pathway were targeted by the corresponding viral
insertions. Genome-wide transcription level survey by expression microarray could
largely address and confirm such incidences along with the powerful pathway and
network analysis. An additional integrative approach that would help to tease apart
the various components contributing to the initiation, maintenance and progression
of tumors would be to study the same impact on mouse expression patterns resulting
from controlled expression of know oncogenes in the same context. For example,
if similar impacts were observed in expression changes between one of the CISs
and expression of v-myc, then any expression effects not seen in the v-myc mouse
might suggest additional processes being altered through possibly an additional CIS
in that mouse.

The microarray data mentioned above primarily referred to expression array
results. Advances in microarray technology including other array types such as
CGH (comparative genomic hybridization) array, microRNA array, and ChIP-chip
(chromatin immunoprecipitation on chip) array or ChIP-Seq (chromatin immuno-
precipitation with the Next Generation Sequencing technology) would provide great
opportunity to dissect in depth the CISs and their impacts on genomic stability,
miRNA expression, promoter of critical genes involved in tumorgenesis, as well as
involved pathways at different levels of regulatory mechanisms. In particular, most
recently, the promising Next Generation Sequencing technology for sequencing of
genome, transcriptome and epigenome would provide higher resolution and greater
coverage of the insertional mutagenesis screening than the array counterparts with
decreasing cost.

Although an obvious impact that the viral insertion sites would have is to change
the expression pattern of the neighborhood gene(s) directly, there might be other
levels of regulation. For example, if a viral insertion, whether it is one of the CISs
or rare insertion site, would change the regulation of a proximal miRNA cluster
in the genome, it would in turn change the patterns of potential gene targets of
the corresponding miRNA(s). This scenario can be carefully investigated with help
of miRNA array. Alternatively, if a viral insertion influenced a significant change
on the expression of a proximal transcription factor, say p53, with help of ChIP-
chip array or Chip-Seq for p53 protein, the target genes of this transcription factors
could be refined and validated in genome-wide scale, which may help understand
the specific target genes that are essentially for tumorigenesis. In addition, in-silicon
promoter analysis of potential target genes of a transcription factor that is targeted by
a proximal viral insertion could also provide insight on what impacts the viral inser-
tion could have on biological processes at both individual gene and pathway levels.
As mentioned earlier, Genomatix promoter analysis module MatInspector [13] in
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combination with BiblioSphere [58] would be a good choice to do such promoter
analysis. With the help of CGH array or Next Generation Sequencing of genome,
the CNV (copy number variation) can be studied tumor by tumor, which would
be particularly useful to study the possibility whether viral insertions could cause
genome instability, e.g., loss or gain of particular genome region that could reside
potential oncogenic or tumor suppressor genes. Such hypothetical CNVs triggered
by viral insertions could be a critical tumorgenesis mechanism as well. Other HTP
technologies developed and improved rapidly in recent years such as proteomics can
provide more useful information from different aspects of gene regulation as well
as signaling events at pathway or network contexts.

7.11 Conclusions

Over the course of their relatively short history, pathway analysis tools have evolved
into a set of powerful methods for placing data into the context of their associ-
ated biology. More recently, the field of pathway and network analysis has achieved
a dramatic enhancement in capabilities through conceptual expansion of both the
methodologies they employ, but also the expansion of the sources of biological
databases and increasly available pathway information that they utilize to gain
biological insights. Pathway and network analysis now represent a major way to
analyze high throughput data through pathway signatures, pathway-level patterns,
pathway-level consistencies, which have been proven to be increasingly effective in
uncovering biological themes. Pathway signatures and pathway classifiers derived
from datasets for a particular study may turn out to be more generic than gene sig-
natures and classifiers and may be more useful when used to understand underlying
biological mechanisms such as tumorigenesis mechanisms. In addition, biological
changes at different levels of regulation, including transcription, protein expres-
sion, and phosphorylation occurring in the same individual samples, which now
can be measured with all types of HTP technologies as they become increasly fea-
sible, could be more likely integrated for discovery of underlying biological themes
under the context of pathways, gene sets, biological modules, as well as complicated
networks. Therefore, the integrative discovery approach that employs pathway and
network analysis as its base of methodology and biology knowledge enriched path-
way databases as a base of contexts in combination of other sources of HTP data
derived from various microarray technologies, and other HTP platforms including
the promising next-generation sequencing technologies, would be the ultimate way
to elevate the approach of viral insertional mutagenesis screening up to the systems
biology level in so-called post-genomic era. Clearly, one of the advantages of using
mouse as an animal model for cancer is the ability to design experiments that lever-
age both the inbred nature of the mouse giving them a much more uniform genetic
background than has been observed in the human population, but also the avail-
able reagents such as retroviral insertional mutagenesis and associated controlled
oncogene expression studies to uncover clues about the many processes that must
be altered in cells through the initiation, maintenance and progression of cancer.
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