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Abstract
Tumor progression is the continual selection of variant subpopulations of malignant cells that have
acquired increasing levels of genetic instability (Nowell Science 1976, 194, 23–28). This
instability is manifested as chromosomal aneuploidy or translocations, viral integration or somatic
mutations that typically affect the expression of a gene (oncogene) that is especially damaging to
the proper function of a cell. With the recent discovery of non-coding RNAs such as microRNAs
(miRNAs), the concept that a target of genetic instability must be a protein-encoding gene is no
longer tenable. Over the years, we have conducted several studies comparing the location of
miRNA genes to positions of genetic instability, principally retroviral integration sites and
chromosomal translocations in the mouse as a means of identifying miRNAs of importance in
carcinogenesis. In this current study, we have used the most recent annotation of the mouse
miRome (miRBase, release 16.0), and several datasets reporting the sites of integration of
different retroviral vectors in a variety of mouse strains and mouse models of cancer, including for
the first time a model that shows a propensity to form solid tumors, as a means to further identify
or define, candidate oncogenic miRNAs. Several miRNA genes and miRNA gene clusters stand
out as interesting new candidate oncogenes due to their close proximity to common retroviral
integration sites including miR-29a/b/c and miR106a~363. We also discussed some recently
identified miRNAs including miR-1965, miR-1900, miR-1945, miR-1931, miR-1894, and
miR-1936 that are close to common retroviral integration sites and are therefore likely to have
some role in cell homeostasis.
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Introduction
Genetic or genomic instability in mammals is frequently linked to specific chromosomal
sites or regions with high rates of transcription (reviewed in Aguilera and Gómez-González
2008). These sites are prone to become hotspots for chromosomal translocations,
amplifications or deletions, molecular modification by chemicals or ionizing radiation, or
integration of exogenous nucleic acids. Indeed, the co-localization of genetic instability with
specific regions in the genome has led to the discovery of many important genes in cancer.
In the case of chromosomal translocations, DNA breakage brings two regions together that
ordinarily would not be in contact with each other, leading to the deregulated expression of
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two aberrantly aligned genes. The classic example is the formation of the T(9:22)
Philadelphia chromosome in chronic myelogenous leukemia with the fusion of ABL and
BCR that was discovered 50 years ago (Nowell 1976). Importantly, Nowell and Hungerford
also realized that the degree of aneuploidy is directly proportional to the level of
aggressiveness of a tumor. Other proto-oncogenes such as MYC and BCL2 were
subsequently discovered as partners of chromosomal translocations with regions that
undergo extensive DNA breakage during what is otherwise the normal process of DNA
rearrangement (e.g. the rearrangement of the immunoglobulin or T-cell receptor genes).
DNA breakage occurs during retroviral integration as well (for review, see Neil and
Cameron 2002). Interestingly, the distribution of sites where retroviral integrations occur is
frequently observed to be non-random and tend to cluster in regions associated with active
transcription. These events have also been linked to genomic instability. Since it is the
ability of a cancer cell to grow more robustly than a normal cell that drives the malignant
phenotype, genomic instability is not a guarantee of malignancy, only a means to increase
the likelihood that a cell may acquire the mutations required for transformation.

A longstanding research focus has been on the identification of protein-encoding genes that
are close to the common integration sites (CIS) of retroviruses that show deregulated
(usually up-regulated) expression, as an approach to finding novel candidate oncogenes
(Figure 1). With the recent discovery of small non-coding RNAs termed microRNAs
(miRNAs), each of which can regulate the expression of multiple protein-encoding genes
(for review, Lee and Dutta 2009), our attention has now turned to the possibility that
potential hotspots for genomic instability as indicated by the presence of a CIS may actually
be associated with the deregulation of a neighboring miRNA (an oncogenic miRNA or
oncomiR) rather than a protein-encoding gene. In this instance, the up-regulated expression
of an oncomiR results in the down-regulated expression of a protein-encoding gene (i.e. a
tumor suppressor gene), essentially suppressing the expression of a potential tumor
suppressor (Figure 1). In this study, we defined a CIS by convention as 2, 3, or 4
integrations within a 20, 30, or 40 kb stretch of DNA, respectively. We have then narrowed
our discussion to a miRNA gene or to a miRNA gene cluster that falls within 100 kb of a
CIS assuming this distance as a conservative window associated with the range of a
retroviral enhancer. As each miRNA can regulate the expression of multiple protein-
encoding genes, alterations in the expression of a single miRNA has the potential to have a
profound effect on many cellular processes including those whose loss of expression
contributes to oncogenesis (Figure 1). The most recent annotation of mammalian miRNA
genes (miRBase, release 16.0; www.miRBase.org) details >1000 human miRNAs and
nearly 700 mouse miRNAs. Interestingly, this is close to early predictions of the total
number of miRNAs expected to be present in the mammalian genome (Bentwich 2005). We
have previously published two studies describing the relationship between the locations of
known miRNA genes and regions of genomic instability including CIS of retroviruses,
chromosomal translocation breakpoints, and genome amplification/deletion in human
cancers and mouse models of cancer, with the aim of identifying miRNA genes that
influence tumorigenesis. In this study, we have extended this analysis to consider the most
recent annotation of the mouse miRome and several additional retroviral mutagenesis
studies conducted in a broader range of genetically modified mouse models.

Retroviral mutagenesis and miRNAs
The mouse is a particularly useful model organism for the identification of oncogenes or
tumor suppressor genes using laboratory-based retroviral or mutagenesis strategies. The
murine leukemia virus (MuLV), for example, preferentially integrates into rapidly dividing
lymphoid cells in certain mouse strains, resulting in numerous proviral insertions that de-
regulate neighboring genes and/or transcriptional units. The resulting phenotype, which is
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dependent upon promoter and vector type, is often a hematopoietic malignancy in the form
of either T- or B-cell lymphoma, or different myeloid tumors. Indeed, the selective growth
or survival of a malignant clone resulting from integration of a retrovirus has led to the
discovery of many proto-oncogenes as the integration of a retrovirus can influence the
expression of host genes over large distances [i.e. hundreds of kilobases (kb)] in both
directions (from enhancers) and may only be dampened by the presence of insulator
sequences within the host genome. However, the gene or genes directly influenced by the
presence of a provirus may not be so obvious. Finding CIS within a small genomic region
argues in favor of a specific gene, whether it might be a protein-encoding or a non-coding
miRNA gene, whose altered expression is, at least contributing to, if not driving the
generation of a particular tumor.

We have previously used earlier generations of the annotated mouse miRome [miRBase
Release 8.1 (2006) 340 mouse miRNA genes and miRBase Release 12.0 (2008), 480 mouse
miRNA genes] and the multiple datasets held within the Mouse Retroviral Tagged Cancer
Gene Database (RTCGD; http://RTCGD.ncifcrf.gov) to identify target candidate miRNAs
that may be oncogenic (Huppi et al. 2007, 2009). We have now updated this current analysis
with the most recent version of the mouse miRome (miRBase Release 16.0; September
2010). In addition to the RTCGD database, we have extended our analysis to consider two
very recent studies using a retroviral mutagenesis approach to identify and further define
miRNA genes altered in different mouse models of cancer.

The datasets within the RTCGD have been obtained through the application of several
different retroviral constructs including the MuLV, AKV, and PDGF-MLV. The mouse
strains are varied and include normal inbred strains of mice as well as several strains with
mutations of genes especially critical to the cell cycle including, p21−/−, p15/16−/−, p27−/−,
and Blm−/−. The types of tumors identified are largely hematopoietic (myeloid, B- and T-
cell lymphoma) and brain malignancies. Hereafter, we refer to our analysis of the RTCGD
as dataset CIS-1. A second retroviral dataset of mouse CIS was recently published by Berns
and colleagues (Uren et al. 2008) who conducted a large mutagenesis study in p19ARF- and
p53-deficient mice in an effort to identify genes that might collaborate with these two
crucial tumor suppressors. We have now incorporated the data from this study
(http://mutapedia.nki.nl) (hereafter referred to as CIS-2) into an independent comparison of
CIS to miRNA gene location. We have also utilized another recently published study that
describes application of a novel retrotransposon system of mutagenesis in mice, referred to
as PiggyBac (Rad et al. 2010). The PiggyBac retrotransposon system augments the CIS
information contributed by the above datasets and also adds a unique dimension in that a far
greater proportion of solid tumors are developed through the use of this system, probably as
a result of the use of different promoter and enhancer elements including a cytomegalovirus
enhancer (CAG), a murine stem cell virus long terminal repeat (MSCV-LTR) and a
phosphoglycerate kinase (PGK) promoter. This series of CIS (hereafter referred to as CIS-3)
provides another valuable resource in identifying novel cancer genes/miRNAs and
especially those potentially involved in the development of solid tumors. Overall, CIS-3 has
72 unique loci from the acquisition and assessment of 50,000 data points.

The annotation of the mammalian miRome has also undergone many updates. The current
miRBase Release 16.0 (September 2010) details 672 mouse miRNA genes and actually
follows Release 15.0 by only 5 months. The latest changes between Release 15.0 and 16.0
reflect primarily the addition of deep sequencing data and the subtraction of a number of
miRNAs that had only been predicted in silico. In part, due to these rapid changes in the
annotation of the mammalian miRome it has been difficult for many of the standard
genomic visualization tools to include sufficiently current data that overlay miRNA genetic
information and details of defined viral integration sites. For example, the current UCSC
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genome database provides retroviral data from the RTCGD database, but the miRNAs
currently listed are from Release 13.0 dating from 2006. ENSEMBL also details the position
of miRNA genes, but the retroviral data is not well-supported. Therefore, we have continued
to curate our own alignments in an Excel format that permits detailed localization of the CIS
and mouse miRNAs and also provides hyperlinks to the original online documentation. A
low-resolution representation of how the analysis for CIS-1 and miRBase 16.0 across the
entire mouse genome will appear is shown in Figure 2. The high-resolution analyses of the
chromosomal alignments between all current miRNAs and CIS-1, CIS-2, or CIS-3 will
always be available upon request and will be updated frequently (huppi@helix.nih.gov). We
have summarized the results of all the CIS locations that reside close (within 100 kb) of a
mouse miRNA gene in each of the three CIS datasets studied in Table 1. The matches are
displayed according to whether CIS/miRNA close alignments are found in all three
databases, two databases, or they are unique to a single database. These comparisons now
offer a comprehensive alignment of miRNAs possibly targeted by CIS from these extensive
mouse resources that can begin to discern which miRNAs may be important in a first hit (no
genetic defect, CIS-1, CIS-2, and CIS-3), a second hit [p27−/− (CIS-1, CIS-2), p15 or p16−/−

(CIS-1, CIS-2), Blm−/− (CIS-1), p21−/− (CIS-1, CIS-2), p53−/− (CIS-2), p19ARF−/− (CIS-2),
p15−/− plus p21−/− (CIS-2), p21−/− plus p27−/− (CIS-2), p16−/− plus p19−/− (CIS-2)] or
events more specifically aligned with solid tumors (CIS-3). As the distance affected by
retroviral insertion will certainly differ for each locus, we strongly encourage the reader to
use Table 1 only as an introduction to possible alignments and to use the analysis we can
provide upon request for more accurate and detailed analyses of the CIS and miRNAs.

There are two miRNA clusters that appear to be frequently targeted and are found in all
three CIS datasets as extremely close to a CIS, namely the miR-29a/b gene cluster on mouse
chromosome 6 (Figure 3) and miR-106a~363 gene cluster on mouse chromosome X (Figure
3). The nearest protein-encoding gene (Tsga13) to the miR-29a/b gene cluster is 147 kb
away, whereas the miR-29a/b gene cluster is only 19 kb away from the CIS observed in the
CIS-1 dataset, 63 kb from the CIS observed in the CIS-2 dataset, and 21 kb from the CIS
seen in the CIS-3 dataset (Figure 3). This strongly suggests that the viral integrations seen
close to these miRNA genes alter the activity of these miRNAs and that this can influence
the generation of a range of different tumor types on different genetic backgrounds. What
are the potential proteins that miR-29 may regulate that could lead to such a broad ranging
influence? The DNA methyltransferase gene, DNMT3A/3B, is validated target of miR-29a/
b and provides precisely the epigenetic effect that could be applied universally to a number
of different tissues (Fabbri et al. 2007). In addition, miR-29 has been found to down-regulate
p85a and Cdc42, thereby inhibiting proteolysis of p53 (Volinia et al. 2010). Expression of
miR-29a is high in acute myeloid leukemia and chronic lymphocytic leukemia cases,
suggesting a critical role for expression of miR-29 in hematopoietic malignancies (Han et al.
2010). Thus, we concluded that targeting of miR-29a/b in all three CIS databases is a good
indicator of the importance of miR-29a/b in multiple pathways.

Another cluster of miRNAs targeted in all three CIS datasets is the miR106a~363 gene
cluster on mouse chromosome X (Figure 3). As reported by Rassart and colleagues (Landais
et al. 2007), this region has been identified as a common target in radiation leukemia virus-
induced T-cell lymphomas. There is a non-coding and alternatively spliced transcript (Kis2)
that lies just upstream of the miR-106a~363 gene cluster that appears to be part of the
primary miRNA transcript. However, overexpression of Kis2 levels does not appear to
correlate with overexpression of all the miRNA genes within this cluster. In contrast, Wabl
and colleagues (Wang et al. 2006) have shown consistently increased levels of at least
miR-106a and miR-363 as a result of retroviral integration in a series of T-cell lymphomas.
The incredibly short distances between integration sites [CIS-1 (1.6 kb), CIS-2 (1.4 kb), and
CIS-3 (7.7 kb)] and miR-106a strongly suggests the importance of the miR-106a~363 gene
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cluster especially in the absence of any affect on Kis2. In a test of anchorage independence,
each of the miRNAs from this cluster exhibits colony formation although not to the same
extent (Landais et al. 2007). Several members of the miR-106a~363 gene cluster have also
been found to be transcriptional targets of E2F as well as regulators of E2F through binding
to the E2F 3′-UTR region (Brosh et al. 2008). This feedback loop fine-tunes the E2F/RB
pathway that is critical in maintaining homeostasis. Thus, we concluded from these studies
that this cluster of six miRNAs contains multidimensional properties that could easily
explain the presence of this miRNA gene cluster in all three CIS databases.

The miR-449a/b/c gene cluster on mouse chromosome 13 is intronic to the coding gene
Cdc20b. Integration events are present in both the CIS-1 and CIS-2 datasets suggesting that
miR-449 gene cluster may play an important role in several cancer pathways. For example,
miR-449a/b/c miRNAs have been shown to regulate the CDK-Rb-E2F1 pathway through a
regulatory feedback circuit involving CDK6 and CDC25A (Yang et al. 2009). In this study,
miR-449a and miR-449b were originally detected in a screen of products activated by E2F1,
but it is the down-regulated expression of both miR-449a/b that is believed to be the key to
unchecked cellular proliferation. Although the exact mechanism is not understood, evidence
also suggests a possible epigenetic repression by histone modification (Noonan et al. 2009).

The miR-17~92a-1 locus on mouse chromosome 14 has both CIS-1 and CIS-2 integration
sites located in extremely close proximity (0.077 and 3 kb, respectively). The closest coding
region gene, GPC5, is located 47 kb away and the expression of GPC5 does not appear to be
affected by retroviral integration (Wang et al. 2006). This strongly implicates the
miR-17~92a-1 cluster as not only a first hit target, which has been previously discussed by
Wabl and colleagues, but also a potential collaborator in p53-and/or p19ARF-dependent
lymphomagenesis. Indeed, viral constructs of miR-17~92a-1 have been shown to accelerate
lymphomagenesis possibly through the targeting of PTEN and BIM (He et al. 2005), but it
appears that two miRNAs in the cluster, miR-19-a/b, are the only ones absolutely required
for oncogenicity (Mu et al. 2009). The targeting of miR-17~92a-1 in p53−/− mice is
particularly relevant as p53 has been shown to compete with the TATA-binding protein for
accessibility to the miR-17~92a-1 promoter (Yan et al. 2009). Particularly in colon cells,
hypoxia-induced apoptosis has been found to be mediated by p53-mediated repression of the
miR-17~92a-1 locus suggesting a p53-dependent pathway for function of miR-17~92a-1.
Consistent with this finding is the observation that miR-17~92a-1 expression in human
colorectal tumors with mutant p53 is higher than in p53 wild-type tumors (Yan et al. 2009).

Some of the closest integration events in both the CIS-2 and CIS-3 databases involve
miR-21 locus (6.3 and 0.807 kb, respectively) on chromosome 11 (Figure 4). Interestingly,
miR-21 is one of the most abundantly expressed mammalian miRNAs (Liang et al. 2007)
and expression of miR-21 is observed to be up-regulated in a large number of tumors
including leukemia, breast, pancreatic, uterine, esophageal, hepatocellular, and lung CA
(Gregory et al. 2008). Several validated targets of miR-21 include TGF-B, PTEN, Tap63,
and HNRPK (Papagiannakopoulos et al. 2008). The EGFR pathway has also been
implicated in the activation of miR-21 in lung cancer (Seike et al. 2009) and in glioblastoma
(Zhou et al. 2010). Given the importance of the EGFR pathway and the recognized targets of
miR-21, we are not surprised by the retroviral targeting of the miR-21 gene in solid tumors
(CIS-3) as well as in mice in which the p53 or p19ARF pathways have been compromised
(CIS-2). What is curious is the apparent absence of miR-21 targeting in CIS-1.

Among the most recently discovered miRNAs, miR-1965 on chromosome 7, is close to
retroviral integration events observed in both the CIS-1 (10 kb) and CIS-2 (6.5 kb) datasets,
although the closest coding region gene (Sema4b) resides 33.9 kb away (Figure 4).
Interestingly, miR-1965 was originally discovered among the most abundant differentially
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expressed and novel miRNAs expressed in a leukemia progression model (Kuchenbauer et
al. 2008). Other recently discovered miRNAs including miR-1900 (CIS-1, 16 kb), miR-1945
(CIS-1, 1.1 kb), miR-1931 (CIS-2, 5 kb), miR-1894 (CIS-2, 1.9 kb), and miR-1936 (CIS-2,
10.6 kb) are all found close to common sites of retroviral integrations. Our prediction is that
several of these miRNAs will be found to target critical genes in cell cycle pathways with
particular focus on the ability of miR-1931, miR-1894, and miR-1936 to cooperate with p53
and/or p19ARF.

miRNAs and chromosomal translocations
Chromosomal translocation breakpoints in B-cell lymphomas are often found in the
immediate region of MYC or they are found several hundred kilobases downstream in a
region referred to as Pvt1 (reviewed in Potter 2003). Interestingly, retroviral integration into
the Myc or Pvt1 locus is an exclusive event (i.e. either Myc or Pvt1, but not both are
targeted) and is among the most frequent integration events observed in T-cell lymphomas
(Beck-Engeser et al. 2008). In fact, clustering of both chromosomal breakpoints and
retroviral integration sites in the region of Pvt1 led originally to the search and discovery of
Pvt1 transcripts (Huppi et al. 1990). These transcripts were subsequently found to be non-
coding; thus, the functional significance was lost until a recent discovery of a cluster of
miRNAs (miR-1204~1208) also residing in the region of Pvt1 (Huppi et al. 2008) suggested
an alternative target. A cluster of chromosomal translocation breakpoints overlap with a
large number of retroviral integration sites (CIS-1 and CIS-2) just 5′ of miR-1206 (and exon
5 of Pvt1) (Figure 5). Despite the fact that the Pvt1 region is among the most frequently
targeted regions of retroviruses, there is no evidence of any significant integration into the
Myc/Pvt1 locus (or miR-1204~1208 cluster) in the CIS-3 dataset. Interestingly, there are
several instances where retroviruses have integrated extremely close to miRNAs (miR-1204
and miR-1207) in this cluster including one example, S5_4146B in a Blm+/+ model (listed
as 6 in Figure 5), that has integrated within 1 bp of miR-1204. The virus in this case is the
AKR MuLV (AKV) and the tumor generated is a B-cell lymphoma (Suzuki et al. 2006).
There are several other examples of extremely close integrations (within 60 bp) of
retroviruses near miR-1204 in the CIS-2 dataset including p53−/− (model 3), p15−/− (model
4), p27−/− (model 7), and p21−/− plus p27−/− (model 8), and one example of a close
integration (230 bp) near miR-1207 (model 2, wild type).

Despite the high frequency and the extraordinary close proximity of many retroviral
integrations into the regions surrounding miRNAs, it is remarkable that actual disruption of
a miRNA transcript is not observed more often. A notable exception is the disruption of the
miR-142 transcript by reciprocal chromosomal translocation in a series of B-cell lymphomas
(Robbiani et al. 2009). Somatic hypermutation and class switch of B-lymphoid cells involve
DNA double-strand breaks that are initiated by the activation induced cytidine deaminase
enzyme (AID). When AID is overexpressed, more frequent rearrangements of
immunoglobulin heavy chain genes as well as a T(11;15) chromosomal translocation that
places MYC in proximity to miR-142 on chromosome 11 are observed (Robbiani et al.
2009). It is hypothesized that AID induces lymphoma development in this model as a result
of DNA damage and genomic instability, as the footprint (staggered single-strand nicks) left
at the breakpoint is indicative of AID activity. Nevertheless, the lymphoma is believed to
develop from miR-142 promoter-based activation of MYC. Although no evidence is
presented, it is interested that the reciprocal product, miR-142 under control of the MYC
promoters, could theoretically contribute to the lymphomagenesis.
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Conclusions
The Oncogene Hypothesis correctly predicts that the transforming properties of viral
oncogenes are associated with the activated forms of their normal vertebrate counterparts,
the proto-oncogene. Thus, certain regions of high genomic instability would be more
accessible to retroviral integration events and the subsequent transduction of cDNA
sequences from the proto-oncogenes. This prediction is also validated by the finding that
many of the most frequently found CIS in retroviral integration studies are the viral
oncogenes v-Myc, v-Src, v-Myb, and so on. By extension, the Oncogene Hypothesis would
lead us to predict that some CIS-targeting miRNAs could lead to transduction into viral
oncomiRs. For example, primary transcripts from two of the most frequently targeted
miRNAs, miR-106a~363 and miR-17~92a-1, theoretically, would have had an opportunity
sometime to be retrovirally transduced. Since we do not find a viral oncomiR for
miR-106a~363 or miR-17~92a-1 or any other miRNAs for that matter, we would argue that
certain counter selective pressures actively exist to prevent the formation of miRNA-
containing retroviruses. This is reasonable as both miR-106a~363 or miR-17~92a-1 consist
of multiple miRNAs each with a considerable coding region gene target portfolio suggesting
that viral expression of these genes could be lethal. However, the more likely explanation is
that transduction of any miRNA primary transcript would inevitably lead to dicer-mediated
cleavage of not only the primary miRNA transcript, but also the viral host transcript. Such
cleavage would be catastrophic to the survival of the virus. On the contrary, targeting
regions of genomic instability by retroviral insertion leads to selective overexpression of
miRNAs that may lead to constitutive deactivation of tumor suppressor genes. Interestingly,
studies of retroviral-induced tumorigenesis in mice has historically been considered a model
of oncogene activation as it is assumed that the double hits needed to inactivate tumor
suppressor genes would not be found. The idea of that targeting of miRNAs that could
effectively knockout a tumor suppressor gene still seems to have escaped full appreciation.
Our attention now turns to the study of miRNA function and pathway analyses and the
phenotypic changes (tumorigenesis) associated with targeted overexpression of certain
miRNAs in the context of specific genetic defects including those associated with cell cycle
progression. In this review, we have revisited several well-studied miRNAs that appear to be
involved in many pathways to oncogenesis. On the basis of retroviral targeting, we have also
predicted new and as yet, relatively unstudied miRNAs that may prove to be equally as
important in the generation of the tumor phenotype.
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Figure 1.
Targeting of oncogenes and miRNAs by retroviruses. Retroviral infection and subsequent
integration into the cellular genome can lead to viral excision of a transcript through reverse
transcriptase-mediated synthesis or overexpression of cellular gene critical to cellular
tumorigenesis and malignancy. The viral excision pathway is responsible for the genesis of
viral oncogenes such as v-Src, v-Myc, v-Myb, v-Fos, v-Mos, and others, but so far not the
precursor to miRNA-encoding retroviruses. The tumor formation pathway is often found to
target proto-oncogenes such as PIM1, LCK1, INT1, as well as the known viral oncogenes.
In addition, miRNAs appear to be frequently targeted either directly or indirectly by close
association with retroviral integration events. As the overexpression of miRNAs lead to
down-regulated expression of presumed tumor suppressor gene targets, these miRNAs can
be referred to as oncomiRs.
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Figure 2.
Low-resolution representation of the CIS-1 data analysis. Shown are the retroviral
integration sites (left side of chromosome), miRNA locations (right side of chromosome) for
the RTCGD and miRBase 16.0 as described for CIS-1. Mouse chromosomes are numbered
accordingly and sized accurately. For high-resolution analysis of CIS-1, CIS-2, and CIS-3 in
comparison with miRNA positioning, please contact huppi@helix.nih.gov.
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Figure 3.
Retroviral insertions near the miR-29a/b and miR-106a~363 clusters. Retroviral insertions
are found close to the miRNA gene cluster miR-29b-1/29a on mouse chromosome 6 (left)
and the miR-106a~363 cluster on mouse chromosome X (right). CIS-1 retroviral integration
sites are depicted with a box and the genetic background/virus model is numbered as
follows: (1) p16−/−, (2) PDGFB_MMLV in C57BL/6, (3) AKV in AKxD, (4) Cas-Br-M in
BALB/c, (5) AKV in Blm−/−, (6) AKV in Blm+/+, (7) MOL4070 in NUP98-HOXD13, (8)
M-MuLV in C57BL6 p27−/−, (9) M-MuLV in NIH/Swiss, (10) M-MuLV in C57BL6
p27−/+, and (11) M-MuLV in 101 X C3H. CIS-2 retroviral integration sites are depicted with
a circle and the genetic background/virus model is numbered as follows: (1) p19−/−, (2)
wild-type FVB mice (3) p53−/−, (4) p15−/−, (5) p15−/− plus p21−/−, (6) p21−/− or p21−/+, (7)
p27−/− or p27−/+, (8) p21−/− plus p27−/−, and (9) p16−/− plus p19−/−. The gray-shaded
background depicts regions encompassing CIS-3 retroviral events. Multiple integration
events from the same model system that are too close to be resolved in the figure will be
shown as only a single hit.
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Figure 4.
Retroviral insertions near miR-21 and miR-1965. Retroviral insertions are found close to
miR-21 on mouse chromosome 11 (left) and miR-1965 on mouse chromosome 7 (right).
CIS-1 retroviral integration sites are depicted with a box and the genetic background/virus
model is numbered as follows: (1) p16−/−, (2) PDGFB_MMLV in C57BL/6, (3) AKV in
AKxD, (4) Cas-Br-M in BALB/c, (5) AKV in Blm−/−, (6) AKV in Blm+/+, (7) MOL4070 in
NUP98-HOXD13, (8) M-MuLV in C57BL6 p27−/−, (9) M-MuLV in NIH/Swiss, (10) M-
MuLV in C57BL6 p27−/+, and (11) M-MuLV in 101 X C3H. CIS-2 retroviral integration
sites are depicted with a circle and the genetic background/virus model is numbered as
follows: (1) p19−/−, (2) wild-type FVB mice (3) p53−/−, (4) p15−/−, (5) p15−/− plus p21−/−,
(6) p21−/− or p21−/+, (7) p27−/− or p27−/+, (8) p21−/− plus p27−/−, and (9) p16−/− plus p19−/−.
The region encompassing CIS-3 retroviral events are depicted by the gray-shaded
background. Exons of the coding region genes, Tmem49 and Sema4b, are shown with
transcriptional orientation (arrow).
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Figure 5.
Retroviral insertions and chromosomal translocations closely approximating the
miR-1204~1208 cluster on mouse chromosome 15. Retroviral insertions and chromosomal
translocations are found within the miR-1204~1208 cluster on mouse chromosome 15.
CIS-1 retroviral integration sites are depicted with a box and the genetic background/virus
model is numbered as follows: (1) p16−/−, (2) PDGFB_MMLV in C57BL/6, (3) AKV in
AKxD, (4) Cas-Br-M in BALB/c, (5) AKV in Blm−/−, (6) AKV in Blm+/+, (7) MOL4070 in
NUP98-HOXD13, (8) M-MuLV in C57BL6 p27−/−, (9) M-MuLV in NIH/Swiss, (10) M-
MuLV in C57BL6 p27−/+, and (11) M-MuLV in 101 X C3H. CIS-2 retroviral integration
sites are depicted with a circle and the genetic background/virus model is numbered as
follows: (1) p19−/−, (2) wild-type FVB mice (3) p53−/−, (4) p15−/−, (5) p15−/− plus p21−/−,
(6) p21−/− or p21−/+, (7) p27−/− or p27−/+, (8) p21−/− plus p27−/−, and (9) p16−/− plus p19−/−.
Inverted triangles refer to the location of reciprocal translocations found primarily in mouse
plasmacytomas and are designated as (1) 4885, (2) ABPC163-10, (3) PC7183, (4) ABPC60,
(5) TEPC2770, (6) PC3422, (7) TEPC2374, (8) SiPC5674, (9) TEPC2372, (10) TEPC1131,
(11) ABPC17, (12) ABPC20, (13) TEPC1198, (14) PC10916, (15) ABPC4, and (16)
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ABPC103 (summarized in Huppi et al. 1990). Multiple integration events from the same
model system that closely overlap are only shown within the resolution limits of the figure.
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