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The Dsil locus was identified as a common integration site for Moloney murine leukemia virus (MLYV) in rat
thymic lymphomas, but previous efforts to identify a gene affected by these insertions were unsuccessful. We
considered the Runx3 gene a potential candidate on the basis of genetic mapping which showed that Dsil and
Runx3 are closely linked on mouse chromosome 4 and the precedent of the related Runx2 gene, which emerged
recently as a Myc-collaborating gene activated by retroviral insertion in thymic lymphomas of CD2-MYC mice.
We now report the physical mapping of the Dsil locus to a site 30 kb upstream of the distal (P1) promoter of
the murine Runx3 gene. Comparison with the syntenic region of human chromosome 1 shows that the next gene
is over 250 kb 5’ to Runx3, suggesting that Runx3 may be the primary target of retroviral insertions at Dsil.
Screening of CD2-MYC lymphomas for rearrangements at Dsil revealed a tumor cell line harboring an MLV
provirus at this locus, in the orientation opposite that of Runx3. Proviral insertion was associated with very
high levels of expression of Runx3, with a preponderance of transcripts arising at the P1 promoter. These
results confirm that Runx3 is a target of retroviral insertions at Dsil and indicate that Runx3 can act as an

alternative to Runx2 as a Myc-collaborating gene in thymic lymphoma.

Murine leukemia virus (MLV)-induced tumors have pro-
vided many examples of cellular proto-oncogene disruption by
proviral integration. Moreover, as integration by these agents
appears to be effectively random, the identification of pre-
ferred sites of clonal integration in tumor DNA has often
served as an important first clue to the proximity of a gene
whose deregulated expression confers a selective advantage on
the tumor cell (reviewed in reference 16). The Dsil locus was
identified as a novel common retroviral integration site in
Moloney MLV-induced rat thymomas. Chromosomal localiza-
tion studies placed Dsil on mouse chromosome 4 and sug-
gested that it was distinct from any of the previously identified
proto-oncogenes or common integration sites (9, 43). How-
ever, attempts to identify a gene affected by insertions at Dsil
were inconclusive, despite the presence of prominent DNase
I-hypersensitive sites and regions of evolutionary sequence
conservation around this site (43).

Since these early studies were performed, knowledge of the
mouse genome has grown considerably, and the number of
genes identified as targets for activation (or inactivation) by
retroviral insertional mutagenesis has also grown. Our recent
studies identified Runx2 as a frequent target for proviral inser-
tion in T-cell lymphomas following MLV infection of CD2-
MYC mice (36). The Runx2 gene is itself oncogenic when
overexpressed and shows particularly strong synergy with Myc
(41); retroviral infection of CD2-Runx2 mice leads to acceler-
ation of lymphoma onset, with a very high hit rate for integra-
tion at either c-Myc or N-Myc genes (7). MLV insertions at
Runx2 were found to activate the distal (P1) promoter (36),
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which is normally active only in a restricted range of nonlym-
phoid tissues, including bone and testis (34, 36).

The Runx family (RunxI to Runx3) of mammalian transcrip-
tion factors control key events in developmental regulation and
cell fate specification (reviewed in reference 35). The three
Runx products (also known as core-binding factor a chains)
have a common DNA-binding domain, runt, defined by homol-
ogy with the Drosophila pair-rule gene Run (17), and interact
with a common heterodimeric binding partner (Cbff) which
both increases binding affinity and protects its « chain partners
from proteolytic degradation (15, 28, 46). The Runx genes have
a broadly similar exon-intron structure and a complex tran-
scriptional pattern, resulting from alternative initiation, splic-
ing, and polyadenylation (1, 2, 12, 23, 24, 26, 33). Two alter-
native transcription start sites have been described, a 5'-distal
(P1) and a 3’-proximal (P2) site (13, 33, 36), which generate
the two major N-terminal isoforms (P1/MASN and P2/
MRIPV). Localization of the two alternative promoters reveals
that they are separated by a large distance, 160, 90, and 30 kb
for RUNX1, RUNX2, and RUNX3, respectively .

The Runx3 gene has been mapped to murine chromosome 4
(8) within the same chromosomal domain as Dsil. However,
the presence of a number of recombinants between these loci
in interspecific backcross mice indicated that their physical
linkage might not be close. To explore this relationship further,
we examined the physical linkage of Dsi/ and Runx3 in murine
P1-derived bacteriophage artificial chromosome (PAC) recom-
binant libraries. Our study shows that these loci are in fact very
closely linked and implicate Runx3 as the target for insertions
at Dsil.

MATERIALS AND METHODS

Transgenic mice and cell lines. The CD2-MYC transgenic mice were gener-
ated as described previously (37). The lymphoma cell lines T1i, T14i, T29i, T48i,
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FIG. 1. Genetic linkage map of murine chromosome 4, illustrating
close proximity of the Dsil locus and Runx3 gene. Also indicated are
additional genes and anchor markers mapped in the same region.
Distances are in centimorgans from the centromere.

T82i and T85i were established from thymic lymphomas induced following neo-
natal MLV infection of CD2-MYC mice. The murine T-cell line EL4 was ob-
tained from the European Collection of Animal Cell Cultures (Salisbury, En-
gland).

PACs. A mouse genomic PAC library (RPC121) (30) consisting of approxi-
mately 128,899 clones and gridded in 4 by 4 arrays on a nylon membrane was
obtained from the United Kingdom Human Genome Mapping Project Resource
Centre. The seven filters were hybridized in 6X SSC (1Xx SSC is 0.15 M NaCl
plus 0.015 M sodium citrate) at 65°C overnight, with [a-*?P]dCTP-labeled
ds1-SR and Runx3 probes. Following washing at high stringency (3 times for 20
min each, 60°C in 0.5X SSC with 0.5% SDS) and exposure to X-ray film, positive
clones were identified and glycerol stabs were obtained from the United King-
dom Human Genome Mapping Project Resource Centre. PAC DNA was iso-
lated using the Qiagen plasmid purification maxi kit with modifications described
by the manufacturers.

Southern and Northern analysis. Preparation of high-molecular-weight DNA
and total RNA from tumor-derived cell lines and subsequent DNA and RNA
hybridization analysis were as previously described (41).

RESULTS AND DISCUSSION

Dsil locus maps ~30 kb upstream of the P1 promoter region
of murine Runx3 gene. Previous genetic linkage studies with
recombinant inbred mice located both Dsil and Runx3 within
a 3.3-centimorgan (cM) region on mouse chromosome 4 (8),
while a recent search of the genetic linkage maps of mouse
chromosome 4 (http://www.informatics.jax.org) placed these
two loci much closer, within 0.2 cM of each other (Fig. 1). To
explore the possibility that the loci are in very close proximity,
we screened a murine PAC library (RPC121; United Kingdom
Human Genome Mapping Project Resource Centre) with
probes specific for Dsil (ds1-SR [43]) and Runx3 (exon 1,
specific for the 5" untranslated region [UTR] of the P1 pro-
moter region, and exon 5, immediately downstream of the runt
domain). A number of clones were isolated, of which two, PAC
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448-1.9 and PAC 568-D12, were positive for the three probes
used.

The PAC clones were characterized by pulsed-field gel elec-
trophoresis (PFGE) of restriction digests (data not shown),
and preliminary restriction mapping of the clones identified a
single 105-kb Clal fragment positive for ds1-SR and Runx3
exon 1 and exon 5. Further analysis demonstrated that the
ds1-SR and exon 1 probes lie on adjacent genomic EcoRI
fragments (Fig. 2C). This analysis revealed that the Dsil locus
is only 30 kb upstream of the P1 region of the Runx3 gene.

The PAC clones were mapped further with several rare-
cutting endonucleases (Notl, Eagl, BssHI, and Sst11) that spe-
cifically cleave CpG sequences. Clusters of these endonuclease
cleavage sites identify the presence of CpG islands, which are
associated with the 5’ ends of mammalian genes (6). PFGE
and conventional agarose gel electrophoresis of the resulting
digests generated only large restriction fragments following
hybridization with the ds1-SR and Runx3 exon 1 and exon 5
probes, revealing no evidence of CpG clusters in the regions
covered by the probes. However, analysis of the draft murine
genome sequence around the P2-proximal transcriptional start
site sequence (accession number AF169246) reveals a cluster
of sites ~15 kb upstream of exon 5 (Fig. 2C). This CpG island
is conserved across species and is found in the equivalent
region of the human RUNX3 gene (Fig. 2B) (24). In contrast,
no CpG island was observed in the vicinity of the upstream P1
promoters of either the murine Runx3 gene or its human ho-
mologue.

Comparison of the overall physical structure of the region
around the human and murine Runx3 genes reveals a high
degree of organizational conservation (Fig. 1 and 2A). A num-
ber of genes in both species map to within similar regions
around the Runx3 gene (FUCAI and Fuca, RHCE and Rhll,
and STMNI and Lag). Inspection of the draft human genome
sequence 5’ to the RUNX3 gene reveals that the closest neigh-
bor lies 298 kb upstream. Assuming that the overall genomic
architecture is conserved between mammalian species, Runx3
will be by far the closest gene to the Dsil locus.

Rearrangement of the murine Dsil locus due to provirus
insertion: mapping of the inserted element and its orientation
with respect to Runx3. Previous attempts to analyze the con-
sequences of insertions at the rat Dsil locus were confounded
by the fact that only limited amounts of primary tumor mate-
rial were available for RNA analyses (43). We therefore de-
cided to look for further examples of proviral insertion at the
Dsil locus, with emphasis on tumor-derived cell lines. Analysis
of a series of cell lines derived from rat thymic lymphomas
provided no further examples (S. Bear and P. Tsichlis, personal
communication).

In view of the frequent activation of the related Runx2 gene
by MLV insertion in CD2-MYC mouse lymphomas (7), we
decided to screen a panel of these tumors and derived cell lines
for Dsil rearrangements by Southern analysis. Screening with
the ds1-SR probe revealed rearranging genomic bands in tu-
mor T1i (Fig. 2D). It is interesting that the intensity of the
germ line bands observed in the T1i cell line DNA are submo-
lar with respect to control DNA. This was not the case in the
original tumor, where germ line and rearranging bands were
equimolar (data not shown), suggesting that in vitro propaga-
tion of cells derived from the primary tumor has allowed the
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FIG. 2. Comparative physical map of human RUNX3 and murine Runx3 genes. (A) Physical map of human chromosome 1 spanning 2.7 Mb
around the RUNX3 gene, based on public database information (http://genome.ucsc.edu). All of the genes indicated are transcribed in the same
orientation as RUNX3. (B) Genomic structure of the human RUNX3 gene. The locations of the distal P1 and proximal P2 promoter regions are
indicated. Vertical arrow, P2-associated CpG island. (C) Physical map of murine Runx3 gene. PAC 448-L9 and PAC568-D12 were isolated from
the murine RPC121 PAC library. ds1-SR and the Runx3 exon 1 and exon 5 probes are indicated. Only restriction sites mapped with the probes
are shown. N* indicates the presence of multiple NotI sites and the inferred position of P2-associated CpG island from draft murine genome
sequence (accession number AF169246). Expanded region shows the position of the integrated MLV in T1i. Restriction enzyme abbreviations: SI,
SstI; SI1, Ssell; E, Eagl; N, Notl; C, Clal; R, EcoRI; X, Xhol; B, BamHI. (D) Southern analysis of MLV-infected CD2-MYC lymphomas. Genomic

DNA (20 pg; T1i cell line and control [C] nontransgenic thymus) was

digested with BamHI (B), SstI (SI), and Xhol (X) and hybridized with the

ds1-SR probe. GL, germ line; R, rearranging fragment. HindIII-digested A DNA was used as molecular size markers (sizes shown in kilobases).

expansion of a subpopulation of tumor cells which have am-
plified the rearranged allele, possibly due to chromosomal
duplication.

Analysis of the restriction digests mapped the MLV integra-
tion immediately upstream of the dsl-SR region. The tran-
scriptional orientation of the inserted element was determined
by digestion with Xhol, which cuts asymmetrically within the
Moloney MLV genome. Analysis of the T1i Xhol digestion
pattern (Fig. 2D) reveals a rearranging 3-kb fragment, consis-
tent with proviral integration in the opposite transcriptional
orientation to the Runx3 gene.

Vijaya et al. (43) reported regions of evolutionary sequence
conservation detected by the ds1-SR probe. Our analysis of the
human genome draft sequence reveals a fragment of chromo-
some 1 which displays 88.7% homology over 293 bp (with a
number of gaps in the alignment) to the rat ds1-SR sequence.

The region of chromosome 1 identified lies 35.5 kb upstream
of the P1 region of the RUNX3 gene. This analysis reveals that
the proviral insertion mapped in the murine T-cell lymphoma
Tli and in the rat thymomas RT13-1, RT2-2, and RT10-2
studied by Vijaya et al. lie in the same orientation with respect
to the ds1-SR sequence. In T1i, restriction analysis locates the
viral 5’ long terminal repeat (LTR) ~30 kb upstream of the
Runx3 P1 promoter. Additional screening of the tumor series
with the Runx3 exon 1 probe revealed no further genomic
rearrangements. However, proviral insertion at Dsil/Runx3 ap-
pears to be a rare event, unlike insertion at Runx2, where
analysis of the same tumor series revealed viral insertion in 16
of 58 tumors examined (5).

T1i cell line expresses very high levels of Runx3 transcripts
originating from the P1 promoter. The integration of MLV
upstream and in the opposite orientation to the Runx3 P1
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FIG. 3. Expression of murine Runx3 transcripts. (A) Schematic
representation of Runx3 exon structure and derived RNA transcripts.
Solid boxes represent exons 1 to 6, and open boxes indicate 5 and 3’
untranslated sequences. Exon 1- and exon 5-specific probes are indi-
cated by hatched and grey boxes, respectively. (B) Northern blot anal-
ysis of 20 pg of total RNA from T1i, T14i T29i, T48i, T82i, T85i, and
ELA cells and from control nontransgenic thymus (Thy) was performed
using Runx3 probes, exon 1 (upper) and exon 5 (lower), and GAPDH
to control for RNA loading. The blot was hybridized sequentially with
the exon 1, exon 5, and GAPDH probes, with stripping between hy-
bridizations. The exon 1 probe detects only those transcripts derived
from the P1 promoter, whereas the exon 5 probe detects both P1- and
P2-derived transcripts. (C) Graphic representation of expression levels
of P1-specific transcripts normalized with respect to GAPDH expression.

promoter suggested that this might result in cis activation me-
diated by viral LTR enhancers (19). In order to address this
possibility, Northern blot analysis was performed on RNA
from MLV-infected CD2-MYC tumors and derived cell lines.
The probes used included a Runx3 exon 5 probe, which detects
both P1- and P2-derived transcripts, and a Runx3 exon 1 probe,
which detects P1-derived transcripts only (Fig. 3A). The exon
5 probe detected a 4-kb transcript across the range of cell lines
examined. This observation is in agreement with previous stud-
ies, which demonstrated the widespread expression of Runx3 in
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a variety of hematopoietic cell lines (21, 25) and tissues (33).
Two cell lines derived from tumors T1i and T14i showed mark-
edly increased levels of this transcript (Fig. 3B). Even more
strikingly, the exon 1 probe revealed abundant transcripts only
in two cell lines, T1li and T14i. Densitometry analysis con-
firmed that the levels of Pl-derived transcript were indeed
increased in both T1i and T14i when normalized with respect
to glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(Fig. 3C). Because of the unique specificity of the two probes,
this analysis clearly demonstrates that P1-derived transcripts
are generally far less abundant than P2-derived transcripts. Of
interest is the observation that the P1 promoter is active in
normal mouse thymus, albeit at lower levels than P2. The sizes
of the transcripts detected by the Runx3 probes revealed no
abnormality, suggesting that the overexpressed mRNA may be
otherwise intact.

The unusual pattern of expression in T1i is consistent with
the interpretation that MLV insertion at Dsi/ has resulted in
activation of the Runx3 P1 promoter. This mode of activation
appears similar to that at Runx2, where MLV insertions up-
stream of and in the opposite orientation to the P1 promoter
have been observed (36). The reason for high expression of
Runx3 from P1 in tumor T14i is not yet clear. Screening of ~40
kb of genomic sequence around the Dsi/ and Runx3 distal
promoter regions has so far failed to reveal evidence of rear-
rangement. It is conceivable, however, that longer-range acti-
vation can occur, as such effects have been noted at the Mlvil
and Cb1/Fim3 loci, which appear to activate the c-Myc and Evil
genes from a greater distance (4, 20, 40).

Runx genes: a family of interchangeable Myc-collaborating
genes? Our previous studies have shown that Runx2 overex-
pression in the T-cell compartment predisposes to lymphoma
development and is strongly synergistic with MYC (41). More-
over, both c- and N-myc are the preferred targets for provirus
insertion following analysis of insertion sites in MLV-induced
lymphomas in CD2-Runx2 transgenic mice (7). Together, these
data strongly suggest that the Runx2-Myc combination favors
tumor development in the T-cell compartment. The results
presented in this study confirm Runx3 as a target for retroviral
insertion at Dsil and indicate that Runx3 can act as an alter-
native to Runx2 as a Myc-collaborating gene in thymic lym-
phoma.

In mammals, three Runx genes have been identified, com-
pared to one gene (runt) in Drosophila, for which studies have
illuminated the essential roles of these factors in development
(39). The three mammalian genes have distinct lineage-specific
functions, as revealed by knockout phenotypes and analysis of
normal expression patterns. Mice null for RunxI or Cbfb dis-
play embryonic lethality and a profound block in definitive
hematopoiesis (29, 44, 45). This observation is complemented
by studies which show expression of Runx! in a wide range of
hematopoietic cells (34). Although low levels of Runx2 expres-
sion have been detected in T cells and in nonlymphoid cells,
such as 3T3 and Buffalo rat liver cells, the major site of ex-
pression is in cells of the bone-forming lineages (11, 36). Mice
null for Runx2 show a complete lack of bone formation (18,
31). Runx3 is more widely expressed (21, 25) and, like Runx!
and Runx2, also appears to play an important role in tissue
development. Homozygous deletion of Runx3 leads to a pro-
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found defect in gastrointestinal tract differentiation (Y. Ito,
personal communication).

However, all three genes are expressed in normal thymus,
albeit at different levels, and both Runx2 and Runx3 appear to
act as targets for MLV activation by a similar mechanism. This
situation appears to be analogous to c-Myc and N-Myc, essen-
tial genes which are expressed in a tissue-specific manner (for
a review, see reference 22) but can be activated by MLV in
lymphomas in an apparently interchangeable fashion (10, 27,
42).

A common feature of MLV insertion at Runx2 and Runx3
appears to be the specific overexpression of P1 isoforms. This
could be the result of selection for efficient activation, as the P1
and P2 promoters differ in structure and temporal regulation.
However, there is also evidence to suggest that both the Runx1
and Runx2 P1 isoforms differ from their P2 counterparts in
biological function (3, 14, 38) and that RunxI N-terminal iso-
forms differ in both translational efficiency (32) and DNA-
binding affinity (38). Future studies will focus on the signifi-
cance of Runx3 promoter shift and P1 isoform overexpression
for thymic development and lymphomagenesis.
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