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In contrast to wild-type mouse mammary tumor virus (MMTV), the MMTV mutants with specific deletions
in the U3 region of their long terminal repeats cause T-cell lymphomas. In 30% of T-cell lymphomas arising
in BALB/c mice infected with MLA-MMTV, a leukemogenic MMTV mutant, we have found that MMTV
proviruses were integrated into a short region of the Notch1 genome, so that truncated Notch1 transcripts
encoding the transmembrane and the cytoplasmic domains of Notch1 protein could be expressed. Thus, Notch1
is a major target of provirus insertional mutagenesis in these T-cell lymphomas.

Mouse mammary tumor virus (MMTV) is associated pri-
marily with induction of mammary adenocarcinomas. Wnt,
fibroblast growth factor, and Notch gene families have been
identified as the major cellular proto-oncogenes activated by
integrated MMTV proviruses in mammary tumors (reviewed
in references 4, 11, 15, and 35). However, in mice with active
MMTVs (such as the DBA/2 and GR strains), variants of
MMTV provirus with specific deletions of about 350 to 500
nucleotides in the U3 region of the long terminal repeat (LTR)
often associate with spontaneously developed T-cell lympho-
mas (9, 20, 22, 23, 36). Moreover, type B leukemogenic virus
(TBLV), a MMTV variant with similar LTR alteration, in-
duces T-cell lymphomas in mice after a very short (ca. 50-day)
latency period (2, 3). We have previously cloned the rear-
ranged LTRs from extra MMTV proviruses present in two
DBA/2 mouse lymphoma cell lines, MLA and DL-8, and
showed that these rearranged LTRs exhibit marked transcrip-
tional activities in T-cell lines (36) compared with the wild-type
LTRs. Hsu et al. also demonstrated that MMTV provirus in
T-cell lymphomas lack a negative regulatory element in the
LTR (14). These results suggested that these MMTV provi-
ruses acquire a selective advantage in lymphocytes by specific
LTR alterations. Furthermore, by using an infectious MMTV
provirus clone (31), we have constructed pathogenic MMTV
proviruses with these rearranged LTRs and demonstrated that
these MMTV variants do induce T-cell lymphomas in adult
BALB/c mice after an average latency period of 30 weeks, but
they no longer induce mammary tumors (37). These results
provided direct evidence that the small deletion of specific
LTR sequences is necessary and sufficient to convert target
tissue of MMTV transformation.

Notch family genes encode transmembrane receptor pro-
teins mediating signals which regulate various cell fate deci-

sions that involve cell-cell interactions (reviewed in reference
1). To date, four members of this family have been identified in
the mouse. The extracellular domain of the Notch protein
contains signal peptide, 29 epidermal growth factor (EGF)-like
repeats (the binding site of the Delta-Serrate-Lag2 family of
ligand proteins), and 3 Notch/lin-12 repeats. The intracellular
domain contains a RAM domain (34) and Cdc10/ankyrin re-
peats, both of which can bind the RBP-J/CBF-1 transcription
factor. Recent studies showed that ligand binding induces pro-
teolytic cleavage of Notch protein and that the cleaved intra-
cellular form of Notch makes a complex with RBP-J/CBF-1,
translocates into the nucleus, and regulates transcription of
target genes (7, 32; reviewed in reference 5). Loss of the ex-
tracellular domain of the Notch protein causes constitutive
activation of the protein and thus is known to be associated
with tumorigenesis. MMTV or intracisternal type A particle
provirus integration at the Notch4/int3 locus leads to expres-
sion of a truncated Notch4/int3 protein which causes mouse
mammary tumors (11, 17, 18). Similar MMTV provirus-medi-
ated activation of Notch1 has been reported in mouse mam-
mary tumors (8). On the other hand, in line with the cell fate
regulatory function of Notch1 during T-cell development (25,
30), an association of Notch1 rearrangement with T-cell lym-
phoma induction has been reported: in human T-cell acute
lymphoblastic leukemia, the chromosomal translocation t(7;9)
joins a portion of Notch1/Tan1 to the T-cell receptor b locus
(10); transplantation with bone marrow cells expressing acti-
vated Notch1 allele led to exclusive development of T-cell
neoplasms in mice (27); and the Notch1 gene is known to be a
target of provirus insertions in T-cell lymphomas arising in
Moloney murine leukemia virus (Mo-MuLV)-infected MMTVD/
myc transgenic mice, a transgenic mouse bred on a CD1 back-
ground which overexpresses the c-myc gene under the control
of TBLV LTR (12, 13, 26). In this case, collaboration of c-myc
and Notch1 for oncogenesis was suggested, because frequent
integration of Mo-MuLV proviruses in the Notch1 allele was
observed in lymphomas arising in myc transgenic mice but not
in nontransgenic littermates (12).

Currently, two common provirus integration sites, Tblvi1
(24) and c-myc (28) have been found in TBLV-induced T-cell
lymphomas, but the gene(s) activated at the Tblvi1 locus is
unidentified. In addition, the cellular proto-oncogenes acti-
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vated by other leukemogenic MMTV in T-cell lymphomas
remain unknown. We report here that Notch1 is a major target
of provirus insertional mutagenesis in the T-cell lymphoma
arising in a leukemogenic MMTV-infected BALB/c mouse.
Provirus integrations led to the generation of truncated Notch1
transcripts which encode the transmembrane and the cytoplas-
mic domains of Notch1 protein.

Rearrangement of the Notch1 gene in T-cell lymphomas
developed in MLA-MMTV-infected BALB/c mice. We have
analyzed by Southern blotting whether rearrangement of the
Notch1 gene occurred in 73 T-cell lymphomas developed in
BALB/c mice which were infected with a strain of leukemo-
genic MMTV, MLA-MMTV (37). The following five Notch1
cDNA fragments were prepared from pmNotch1 (19), the
pBluescript II SK(1) containing the entire coding region of
mouse Notch1 cDNA and used as probes for Southern and
Northern blot analyses: probe 1, a 0.6-kb BamHI-SacI frag-
ment encoding from the C terminus of the EGF-like repeats to
a point located between Notch/lin-12 repeats and the trans-
membrane domain; probe 2, a 0.5-kb PstI-KpnI fragment en-
coding from the Notch/lin-12 repeats to the N terminus of the
transmembrane domain; probe 3, a 2.0-kb ClaI fragment en-
coding from the N terminus to the middle of the EGF repeats;
probe 4, a 1.5-kb NotI fragment encoding from the cdc10/
ankyrin repeat to the C terminus; and probe 5, a 0.3-kb frag-
ment encoding the RAM domain (16) which was amplified by
PCR using the sense primer RAM-S (59-CGGCGCCAGCAT
GGCCAGCTCTGG-39, corresponding to nucleotide positions
5329 to 5352 of Notch1) and the antisense primer RAM-AS
(59-CTGAGGCGGTGTTGGGGCCAT-39, corresponding to
nucleotide positions 5620 to 5640). In addition, a 1.2-kb
BamHI-BglII fragment encoding env of MMTV provirus (31,
37) was used to analyze MMTV provirus integration. (The
positions of these probes are shown schematically [see Fig. 2].)
Southern blotting with Notch1 probes 1 and 2 revealed that
rearrangement of the Notch1 genome occurred in 34% (25 of
73) of the T-cell lymphomas screened. Eight tumors giving rise
to rearranged Notch1 genomic DNA fragments which were
equimolar relative to the germ line Notch1 genomic DNA
fragments were selected for further analysis. The results of
Southern blot analysis of these eight tumors and normal spleen
cells (used as a control) are shown in Fig. 1. The blot with
MMTV env probe showed that DNAs of all lymphomas con-
tained several newly acquired host-virus junction fragments,
which were unique for each tumor, indicating that each tumor
originated from a single or a few clones which were infected
with MMTV (Fig. 1, top panel). The rearrangement of the
Notch1 genome in these lymphomas is shown in the second and
third panels of Fig. 1; in addition to the 4.2-kb BamHI frag-
ment derived from the unaffected Notch1 allele, Notch1 probe
1 hybridized with an additional BamHI fragment which is
unique for each tumor. Similarly, in addition to the 2.2-kb PstI
fragments derived from the Notch1 unaffected allele, Notch1
probe 2 hybridized with an additional PstI fragment in five
tumors. To confirm the location and orientation of the MLA-
MMTV provirus inserted in each tumor, PCR analysis was
performed. According to the expected orientation of the pro-
virus, one of the following sense primers from the MLA-
MMTV LTR sequence (shown in Fig. 2B) was used in combi-
nation with an antisense primer from the Notch1 exon F
sequence (named Notch1-F-AS, 59-GAAGGCGGCCGCTGC
CACGTACATGAGGTG-39, corresponding to nucleotide po-
sitions 5251 to 5280 of Notch1 cDNA [Fig. 2A]); MMTV-
LTR-U5 (59-CCCGTCTCCGCTCGTCACTTATC-39, corre-
sponding to the sense strand of the LTR U5 sequence) and
MMTV-LTR-U3-RV (59-GTGTAGGACACTCTCGGGAG

T-39, corresponding to the antisense strand of the LTR U3
sequence). The MMTV-LTR-U5 and MMTV-LTR-U3-RV
primers were used when provirus was integrated in the same
and in the opposite transcriptional orientations, respectively,
as the Notch1 gene. The length of the PCR products amplified
from tumor DNAs was then determined (data not shown).
Based on these Southern blotting and PCR results and restric-
tion maps of the unaffected Notch1 allele, the integration site
and the orientation of MMTV provirus in the rearranged
Notch1 allele was determined in each tumor (Fig. 2A). The
provirus integrated into lymphoma 55, however, seems to have
a deletion in the 39 part of provirus including the env gene
(data not shown).

Because provirus insertions near the c-myc have been re-
ported in TBLV-induced T-cell lymphomas (28) and collabo-
ration of c-myc and Notch1 has been suggested in the case of
Mo-MuLV-induced T-cell lymphomas (12), rearrangement of

FIG. 1. Southern blot hybridization demonstrating the rearrangement of the
Notch1 locus in T-cell lymphomas arising in MLA-MMTV-infected BALB/c
mice. The MLA strain of the leukemogenic recombinant MMTV was described
previously (36, 37). Southern blotting was performed as described earlier (18,
36). Genomic DNAs (20 mg) from eight representative MLA-MMTV-induced
T-cell lymphomas (the identification number of each tumor is shown at the top)
and normal BALB/c mouse spleens were digested with restriction endonucleases,
Southern blotted, and hybridized. The restriction enzyme and the probe used are
indicated on the left side of each panel. Numbers on the right indicate the
migration positions of DNA molecular size markers (in kilobases).

VOL. 74, 2000 NOTES 9787



the c-myc genome in these lymphomas was also analyzed with
two probes: a 2.0-kb SacI fragment and a 5.5-kb BamHI frag-
ment spanning exon 1 and exons 2 and 3, respectively, of the
mouse c-myc genome. Southern blotting with these probes
revealed, however, that no provirus was integrated near the
c-myc gene (a 15-kb region covering all the c-myc exons, start-
ing 7.5-kb upstream of exon 1 and ending at 3 kb downstream
of exon 3) in these 73 lymphomas (data obtained with the
c-myc exon 1 probe are shown in Fig. 1, bottom panel). In
addition, probes encoding the RAM domains of the Notch2, -3,
and -4 genes which were amplified by PCR (16, 18) failed to
reveal rearrangement of these Notch genes (data not shown).
Moreover, no rearrangement of the p53 and retinoblastoma
(Rb) genes was detected in these tumors (data not shown, a
1.0-kb XhoI-StuI fragment of p53 cDNA and a 1.7-kb BamHI
fragment of Rb cDNA were used as probes).

Expression of truncated Notch1 transcripts in lymphomas
with Notch1 gene rearrangements. To determine whether pro-
virus insertion affected Notch1 gene expression, a Northern
blot analysis was performed with probes encoding the intracel-
lular (probe 4) or the extracellular (probe 3) region of Notch1
protein. The eight MLA-MMTV-induced lymphomas de-
scribed above, as well as lymphoma 2, an MLA-MMTV-
induced T-cell lymphoma with normal Notch1 alleles, were
subjected to this analysis (Fig. 3). High levels of expression of
2.5- to 4.0-kb transcripts solely hybridized with the intracellular

probe were detected in all of the lymphomas with Notch1 gene
rearrangements (Fig. 3, the second panel), suggesting that
these truncated RNA encode the intracellular domain of the
Notch1 protein. In addition, in some lymphomas (i.e., lympho-
mas 7, 11, and 16), marked expressions of 7.5- to 8.5-kb tran-
script were detected with this probe. On the other hand, 7.0- to
7.5-kb transcripts, which solely hybridized with the extracellu-
lar probe, were also detected in some lymphomas (lymphoma
7, 11, 17, 43, and 53 in Fig. 3, top panel). In contrast, no Notch1
transcript was detected in lymphoma 2. Basically, these results
indicated that provirus insertion commonly induced RNA spe-
cies, which could encode the intracellular domain of Notch1.
Since the provirus had integrated in the direction of Notch1
gene transcription in lymphomas 7, 17, and 43, the proviral 39
LTR appears to function as a promoter for the Notch1 tran-
scripts of about 2.5 kb detected with the intracellular probe. In
the same lymphomas, on the other hand, marked expression of
;7.0-kb transcripts, which solely hybridized with the extracel-
lular probe, was also detected. Probably, the 59 LTR of the
integrated provirus provided not only enhancer(s) to the
Notch1 promoter to achieve high levels of Notch1 transcription
but also a transcriptional termination signal. This might be the
mechanism generating the Notch1 transcripts of 7.0 kb. In
lymphomas 11 and 16, expression of 8- to 9-kb RNA species
which hybridized with both extracellular and intracellular
probes was detected (Fig. 3, top panel). The mechanism gen-

FIG. 2. Schematic representation of the proviruses integrated within the Notch1 gene in MLA-MMTV-induced T-cell lymphomas. (A) Rearranged regions of the
Notch1 genome are shown together with a schematic representation of the full-length Notch1 cDNA. Exons and introns are indicated by open boxes and solid lines,
respectively. Consistent with previous reports (8, 12, 13), the exons are labeled C, D, E, and F. The vertical arrows indicate the sites of provirus integration. The
horizontal arrow with a number shows the transcriptional orientation of provirus in each tumor. The structural features of Notch1 cDNA are indicated: EGF-R
(EGF-like repeats), NLR (Notch/lin-12 repeats), TM (transmembrane domain), RAM (RAM23 homologous domain), ANK (Cdc10/ankyrin repeats), OPA (opa
repeats), and PEST (PEST sequence motif). The probes used in Southern and Northern analyses are indicated by bars. The positions of the Notch1-F-AS, RAM-S,
and RAM-AS primers are indicated by open arrows. (B) The structure of MLA-MMTV provirus is schematically presented. The positions of the MMTV env probe
and the MMTV-LTR-U5 and the MMTV-LTR-U3-RV primers are indicated by a bar and open arrows, respectively. Restriction sites: B, BamHI; K, KpnI; P, PstI; S,
SacI; Bg, BglII; R, EcoRI.
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erating these Notch1 transcripts is not clear, but the following
is possible: some sequence in the integrated provirus may have
provided enhancer(s) for Notch1 promoter, which led to tran-
scription of entire Notch1 gene even in the presence of inte-
grated provirus (assuming that the provirus integrated in the
opposite orientation as that in lymphoma 16 could not provide
transcriptional termination signal). Then, the Notch1 RNA
species encoding both extracellular and intracellular domains
of Notch1 were generated by RNA splicing.

Because the collaboration of c-myc and Notch1 in develop-
ment of T-cell lymphoma was reported (12), we compared
levels of c-myc mRNA between T-cell lymphomas with or
without Notch1 gene rearrangements. Eight lymphomas with
the rearrangements (shown in Fig. 1 and 3) and seven MLA-
MMTV-induced lymphomas without (lymphomas 2 and 6 and
other lymphomas) then expressed similar levels of c-myc
mRNA, suggesting that Notch1 activation was not related to
the activation of c-myc expression in MLA-MMTV-induced
lymphomas. However, these results did not exclude the possi-

bility that the levels of c-myc expression were generally ele-
vated in these lymphomas.

Structure of the truncated Notch1 transcripts. To define the
structure of the 2.5-kb Notch1 transcripts solely hybridized
with the intracellular probe, and possibly their mode of pro-
duction as well, lymphomas 7, 43, and 45 were chosen, and the
59 regions of their Notch1 transcripts were analyzed by reverse
transcription-PCR (RT-PCR) (Fig. 4). Single-stranded cDNAs
were synthesized from total RNAs from these lymphomas us-
ing the SuperScript Preamplification System for First Strand
cDNA Synthesis (Gibco-BRL, Gaithersburg, Md.). In the case
of lymphomas 7 and 43, where the provirus is integrated in the
same transcriptional orientation to Notch1, the cDNA frag-

FIG. 3. Northern analyses with extracellular or intracellular Notch1 probes
and c-myc probe. Total RNAs were prepared from MLA-MMTV-induced T-cell
lymphomas with or without Notch1 gene rearrangement. Total RNAs (10 mg)
were separated on a 0.75% formaldehyde-agarose gel and Northern blotted as
described earlier (17). The blot was hybridized with Notch1 extracellular (top
panel), Notch1 intracellular (second panel), c-myc–exon 1 (third panel), and
elongation factor-1a (bottom panel) probes. Numbers and the letters shown on
the left indicate the migration positions of RNA molecular size markers (in
kilobases) and of the large (L) and small (S) subunits of the rRNA. Positions of
the 2.5- to 4.0-kb transcript solely hybridized with the intracellular probe are
indicated with a blanket on the right side of the second panel. Arrowheads in the
top panel indicate RNA species hybridized with both extracellular and intracel-
lular probes. A 3.5-kb BamHI fragment of the human elongation factor-1a (EF)
cDNA was used as a probe for RNA loading control.

FIG. 4. Analysis of the 59 end of the 2.5-kb truncated Notch1 transcripts in
lymphomas 7, 43, and 45 by RT-PCR. At the top, the Notch1 genome is shown
as in Fig. 2A. The PCR products generated with the RAM-AS in combination
with MMTV-LTR-U5 or MMTV-LTR-U3-RV primers (indicated by open ar-
rows) were cloned and sequenced. Regions of interest are shown in boxes.
Sequence homology between the PCR products and the MMTV LTR (21;
GenBank accession no. K00556) or the Notch1 cDNA (6; no. Z11886) was
analyzed. In this report, all nucleotide positions of the Notch1 cDNA and
MMTV are cited from these databases. Nucleotides of the MMTV LTR and
Notch1 sequences are indicated by italics and plain letters, respectively. “M”
indicates the potential initiating methionine codon corresponding to nucleotide
position 5257 of the Notch1 cDNA. TM, transmembrane domain. Sequencing
was performed using Thermo Sequenase (Amersham) Kit and a 373
SEQUENCER (Applied Biosystems).
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ment containing sequences of the U5 region of MMTV LTR
and the Notch1 RAM domain was amplified by RT-PCR with
the single-stranded cDNAs synthesized and a set of primers
(sense primer MMTV-LTR-U5 and antisense primer RAM-
AS). In case of lymphoma 45, however, in which the provirus is
integrated in an orientation opposite to that of Notch1, we
assumed that truncated transcripts originated from a cryptic
promoter within the provirus and that sequences in the reverse
strand in the MMTV LTR U3 might be transcribed and con-
stitute a part of the MMTV-Notch1 chimeric transcript. As
expected, RT-PCR with MMTV-LTR-U3-RV and RAM-AS
primers generated a 0.78-kb product which hybridized with
Notch1 probe 5 (data not shown). The PCR products thus
obtained were blunted and phosphorylated with T4 DNA poly-
merase (NEB) and with T4 polynucleotide kinase (NEB), re-
spectively, and then cloned into the EcoRV site of pBluescript
II KS(1) by blunt-end ligation. Sequence analysis revealed
that the RT-PCR product obtained from lymphoma 7 was a
0.62-kb DNA fragment whose sequence corresponded to a
chimeric virus-Notch1 RNA that started in the LTR (from
MMTV-LTR-U5 primer) and was followed by the Notch1
cDNA sequence that started and ended at nucleotide positions
5102 (middle of exon E) and 5640 (position of the RAM-AS
primer), respectively. On the other hand, the RT-PCR product
from lymphoma 43 was a 0.56-kb DNA fragment correspond-
ing to a chimeric virus-Notch1 RNA that started in the LTR
and was followed by 93 nucleotides of the Notch1 intron se-
quence adjacent to exon F and the Notch1 cDNA sequence
that started and ended at nucleotide positions 5216 (first nu-
cleotide of exon F) and 5640, respectively. Furthermore, the
RT-PCR product from lymphoma 45 was a 0.78-kb DNA frag-
ment corresponding to a chimeric virus-Notch1 RNA that
started in the MMTV-LTR-U3 and was followed by 161 nu-
cleotides of the Notch1 intron sequence adjacent to exon E and
Notch1 cDNA sequence that started and ended at nucleotide
positions 5067 (first nucleotide of exon E) and 5640, respec-
tively. In all of cases, chimeric virus-Notch1 RNAs used the
ATG codon at nucleotide position 5257 (located just N-termi-
nal to the transmembrane domain in exon F) of Notch1 cDNA
as an initiation methionine to generate the truncated Notch1
proteins consisting of the transmembrane and intracellular do-
mains. In lymphomas in which the provirus is integrated in an
orientation opposite to that of Notch1, however, structure of
the 59 part of the MMTV-Notch1 chimeric transcripts hybrid-
izing with the intracellular probe remains unknown, and their
generation mechanism is not clear. In this regard, Girard et al.
(12) have analyzed the structure of similar Notch1 transcripts
in lymphomas in which Mo-MuLV had integrated in the op-
posite orientation to Notch1 and reported following two modes
of generation for these transcripts: (i) the enhancer in the 59
LTR of the integrated provirus activated a cryptic promoter
within the intronic Notch1 sequence to yield the truncated
transcripts and (ii) some distinct truncated transcripts origi-
nated from a cryptic promoter within the provirus itself. In our
MLA-MMTV-induced tumor cases, the second mode may be
operative in lymphoma 45. However, the first mode is also
possible because we previously identified a T-lymphocyte-spe-
cific enhancer in the U3 region of the MLA LTR (at nucleotide
positions 536 to 557 of the U3 sequence [36]). In any case,
these results further substantiated the notion that Notch pro-
teins lacking the extracellular domain are tumorigenic. How-
ever, the molecular mechanism(s) by which these truncated
Notch proteins induce tumors remains to be elucidated.

Recently, Sorensen et al. reported that Sint1, a common
integration site in SL3-3 MuLV-induced mouse T-cell lympho-
mas, harbors a putative proto-oncogene of the Septin gene

family (33). Interestingly, this locus was suggested to be iden-
tical to an MMTV integration site in a T-cell lymphoma, Pad3
(29). Southern blot analysis with Sint1 genomic probe revealed,
however, that no MMTV provirus was integrated in the 14-kb
HindIII genomic fragment of this locus (in which SL3-3 pro-
viruses were integrated [33]) in 73 MLA-MMTV-induced T-
cell lymphomas screened (S.-I. Yanagawa, A. B. Sorensen, and
F. S. Pedersen, unpublished results). Because Notch1 rear-
rangements were observed in only 30% of these lymphomas,
clearly, further screenings for proviral common integration
sites is necessary.
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