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The Tpl-1 locus was defined as a genomic DNA region which is targeted by provirus insertion during

progression of Moloney murine leukemia virus-induced rat T-cell lymphomas. Using a panel of 156 (Mus
musculus X Mus spretus) X Mus musculus interspecific backcross mice, we mapped Tpl-1 to mouse chromosome
9 at a distance of 1.2 + 0.9 centimorgans from the Efs-1 proto-oncogene (S. E. Bear, A. Bellacosa, P. A. Lazo,
N. A. Jenkins, N. G. Copeland, C. Hanson, G. Levan, and P. N. Tsichlis, Proc. Natl. Acad. Sci. USA
86:7495-7499, 1989). In this report, we present evidence that all the known Tpl-1 provirus insertions occurred
immediately 5’ of the first exon of Ets-1 (exon A) and that the earlier detected distance between Tpl-1 and Ets-1
was due to the high frequency of meiotic recombination in the region between the site of provirus integration
and exon III. Northern (RNA) blot analysis of polyadenylated RNA from normal adult rat tissues and Moloney
murine leukemia virus-induced T-cell lymphomas and hybridization to a Tpl-1/Ets-1 probe derived from the 5’
end of the gene revealed two lymphoid cell-specific RNA transcripts, of 5.5 and 2.2 kb. Sequence analysis of a
near-full-length (4,991-bp) cDNA clone of the 5.5-kb RNA revealed a 441-amino-acid open reading frame
encoding a protein identical to the human and mouse Ets-1 proteins with the exception of five and nine
species-specific conservative amino acid differences, respectively. The steady-state level of the Tpl-1/Ets-1 RNA
and of the Ets-1 protein was modestly elevated in tumors carrying a provirus in the Tpl-1 locus. The relative
ratio of the two Ets-1 transcripts, which were shown to arise by differential polyadenylation, was not affected
by provirus insertion. Moreover, the major site of transcriptional initiation, which was localized by primer
extension 250 bp upstream of the 5’ end of the Ets-1 cDNA clone, was shown to be identical in normal cells and
tumors carrying a provirus in the Tpl-1 locus. Finally, the differential splicing of Ets-1 exon VII was shown by
RNase protection to occur at a rate of 15 to 26% and to remain unaffected by provirus insertion. The subtlety
of these effects, in contrast to the strong growth selection of cells with a provirus in the Tpl-1/Ets-1 locus,
suggests that provirus insertion may affect the fine regulation of the gene, perhaps during cell cycle

progression.

Insertional mutagenesis is the single most important factor
responsible for the induction and progression of retrovirus-
induced neoplasms. The effects of provirus integration vary
depending on the precise location of the site of insertion
relative to the targeted gene. Thus, in some cases the 5’ or 3’
end of the targeted gene may be altered by truncation and
fusion between cellular and viral sequences. In many cases
these alterations affect only the 5’ or 3’ untranslated region of
the targeted gene, whereas in others they disrupt the coding
sequences as well, thus altering the encoded protein product.
Finally, in most cases the overall level of expression of the
targeted gene is enhanced (29).

Although in many cases provirus integration exerts a clearly
defined effect on the expression or the structure, or both, of the
targeted gene, in some cases it does not. For example, provirus
insertion near c-myc and Spi-1 usually does not affect either the
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structure or the level of expression of the RNA transcribed
from these genes (18, 23). The paradox of clonal selection of
cells carrying a provirus in these loci in the absence of
detectable effects on gene expression has not been adequately
explained to date. One explanation offered for c-myc is that
provirus insertion affects promoter usage. The implication is
that the c-myc RNA transcribed from the gene targeted by the
provirus harbors a different 5’-end region, which may alter the
efficiency of translation (23).

The studies described in this report were undertaken to
determine the linkage between the Tpl-1 locus and the Ets-1
proto-oncogene as well as the effects of provirus integration in
the Tpl-1 locus. Our earlier studies had shown that Tpl-1 is
localized on mouse chromosome 9 at a distance of 1.2 + 0.9
centimorgans from Ets-1. The same studies had shown that
provirus integration in this locus occurs during tumor progres-
sion and that cells harboring this genetic change are rapidly
selected (1). In this report we show that all the known Tpl-1
provirus insertions occurred immediately 5’ of the first exon of
Ets-1 (exon A) and that the earlier detected distance between
Tpl-1 and Ets-1 was due to the high frequency of meiotic
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recombination between the site of proviral integrations and
exon III. (The first exon of Ets-1 in mammals is called exon A,
whereas the second exon is called exon III [see references 12
and 33 for details].) Moreover, the rapid selection of these cells
occurs in the absence of a significant change in the steady-state
levels of the Ets-1 mRNA and of the Ets-1 protein. Finally, we
show that the structure of the Ets-1 mRNA, as determined by
the ratio of transcripts generated by differential polyadenyla-
tion, differential splicing, and promoter usage, remains un-
changed. To reconcile the apparent rapid selection of cells with
a provirus in the Tpl-1/Ets-1 locus with the absence of clearly
detectable effects on the expression of Ets-1, we propose that
provirus insertion in this locus may affect the fine regulation of
the gene, perhaps during cell cycle progression.

MATERIALS AND METHODS

Tissues, thymic lymphomas, and cell lines. Normal tissues
were obtained from 4- to 6-week-old F344 rats. Thymic
lymphomas were induced in Osborn-Mendel and Long-Evans
rats by intraperitoneal inoculation with 5 X 10° PFU of
Moloney murine leukemia virus (MoMuLV) at birth (30, 31).
The cell lines were established from primary tumors (14). (The
establishment of the cell lines in culture was preceded in many
cases by the passage of the primary tumor cells in nude mice.
The name of each cell line includes a number which identifies
the animal from which the tumor was derived, followed by a
notation indicating the passage history of the cells in nude
mice. Thus, 2772T—As is a cell line which was established
from the ascite developed in nude mice inoculated intraperi-
toneally with 2772 thymoma cells; 2772T—S was established
from the tumor cells grown in the spleen of the nude mice;
2772T—Ln—Ln derived from the tumor cells grown in the
lymph nodes of the nude mice [two passages]. 2772T—PP
originated from the tumor cells grown in the Peyer’s patches of
the nude mice.)

Southern blot analysis of genomic DNA and genomic DNA
cloning. Genomic DNA isolation and Southern blotting were
carried out by standard procedures (30, 31). Hybridization of
the pSB1 and Ets-1 exon III and IX probes to mouse DNA was
carried out under conditions of reduced stringency (40%
formamide plus 6 X SSC[1X SSCis 0.15 M NaCl plus 0.015 M
sodium citrate] at 37°C). The filters hybridized under these
conditions were washed three times with 2X SSC-0.1% so-
dium dodecyl sulfate (SDS) at room temperature and once
with 1X SSC-0.1% SDS at 65°C for 30 min. Genomic DNA
cloning was performed as previously described with a Haelll
partial-digest rat genomic DNA library in bacteriophage A\
Charon 4A (Clontech). The library was screened with the pSB1
probe, and two overlapping lambda clones, ATpl-1.6 and
ATpl-1.21, were isolated.

Isolation of RNA, size selection, and Northern blot analy-
sis. Total RNA was extracted from normal rat organs and
MoMuLV-induced T-cell lymphoma lines by the guanidinium
isothiocyanate-cesium chloride method (4). Polyadenylated
RNA was selected by oligo(dT)-cellulose affinity chromatogra-
phy (11). Polyadenylated RNA was size fractionated in a
sucrose gradient as previously described (17). Northern (RNA)
blot analysis was carried out by standard procedures (25).
Briefly, 5 pg of polyadenylated RNA was electrophoresed in
1% agarose-2.2 M formaldehyde gels, transferred to nylon
membranes (Hybond N; Amersham), and hybridized to the
pSB8 and ribosomal protein L32 probes, probes A and B,
under high-stringency conditions. The intensity of the bands
was quantitated with a B scanner (AMBIS).

Western blotting. Extracts of T-cell lymphoma lines were
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prepared in RIPA buffer (50 mM Tris-HCI [pH 7.4], 150 mM
NaCl, 1% Triton X-100, 0.1% SDS, 1% sodium deoxycholate,
1 mM sodium vanadate) containing protease inhibitors (1 mM
phenylmethylsulfonyl fluoride, 10 pg of aprotinin per ml, 10 ug
of leupeptin per ml). Total protein (75 pg) was subjected to
SDS-polyacrylamide gel electrophoresis (PAGE) (10% poly-
acrylamide) and then transferred to a polyvinylidene difluoride
membrane (Immobilon P; Millipore) with a semidry electro-
blotter (Millipore) at 2 mA/cm? for 1 h. Following staining with
Ponceau Red to check for completion of the transfer, the
membrane was blocked in 4% bovine serum albumin and
probed with rabbit polyclonal antibody anti-Ets-1 (Santa Cruz
Biotechnology). The signal was detected by an enhanced
chemiluminescence method (ECL; Amersham). The intensity
of the Ets-1 bands was evaluated with an image analyzer
(AMBIS) coupled to a transilluminator (Photodyne).

Construction and screening of cDNA libraries. Oligo(dT)-
primed cDNA was synthesized from 5 pg of unfractionated or
size-selected polyadenylated RNA. Double-stranded cDNA,
generated by the method of Gubler and Hoffman (8), was
ligated to EcoRI linkers and inserted in the EcoRI arms of
bacteriophage AZapllI (Stratagene). Following in vitro packag-
ing, the resulting mixture of recombinant phage particles was
propagated in Escherichia coli XL-1 Blue. The library was
screened with the pSB8 probe, and the isolated \ clones were
directly subcloned in pBluescript SK(—) by in vivo excision
(27). Two cDNA libraries were constructed; one was con-
structed from polyadenylated RNA derived from the tumor
cell line 2772T—S, which contains a provirus in the Tpl-1 locus
(1), and the second was constructed from size-fractionated
RNA (17) derived from tumor cell line 6889.

DNA sequence analysis; computer comparisons. The
pRCT14a clone was sequenced as previously described (3).
Briefly, nested deletions were generated in both directions by
using the exonuclease III-mung bean nuclease method (10).
Twenty plasmid clones with overlapping deletions starting at
the 5’ end of pRCT14a and nineteen clones with overlapping
deletions starting at the 3’ end were sequenced. The sequenc-
ing reactions were carried out on alkali-denatured double-
stranded DNA (16) by using the dideoxy-chain termination
method (26) and emgloying Sequenase version 2.0 (U.S.
Biochemicals) and [a-**S]JdATP (NEN DuPont). G+C-rich
areas were resolved by sequencing single-stranded DNA or by
using dITP or both. The reactions were analyzed on 4 and 6%
polyacrylamide-8.3 M urea sequencing gels. The sequences of
genomic 7Tpl-1 clones and of six clones isolated from the
size-selected 6889 cDNA library were determined similarly.
The GenBank data base was screened with the pRCT14a
sequence by using the program Wordsearch. Comparisons
between rat, human, and mouse Efs-I nucleotide and amino
acid sequences were conducted with the program Bestfit. The
same program was used to align the sequence of pRCT14a and
the six size-selected cDNA clones. Wordsearch and Bestfit are
part of the Genetics Computer Group software package (7).

PCR. Ets-1/Tpl-1 exon-specific probes were generated by
PCR (24). The following pairs of primers were used: exon III,
5'-gcgegegaattct ATATGGAATGCGCAGAT-3' and 5'-gegege
ctgcagCTTTGGGGATTCCCAGTC-3'; exon IX, 5'-gegege
gaattcGTGGCCAGGAGATGGGGA-3’ and 5'-ggaggactgcag
TTACTCATCAGCATCCGG3' (the exon sequences are
shown in capital letters;moreover, the sequences of EcoRI and
Pstl sites, introduced to allow cloning into pBluescript, are
underlined). PCR reactions contained 50 pmol of each primer,
1 ng of template pRCT14a, standard buffers, and Taq poly-
merase (Perkin-Elmer Cetus). The PCR cycles consisted of a
1-min denaturation at 95°C, a 1-min annealing at 50°C and a
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FIG. 1. Restriction map of the 7pi-1 locus, depicting the origin of the probes pSB1 and pSBS, as well as the position and transcriptional
orientation of the first exon (exon A) of the Tpl-1/Ets-1 proto-oncogene. The arrows indicate the sites of insertion and orientation of the integrated
proviruses in four primary tumors and cell lines (1). E, EcoRI; B, BamHI; H, HindI1l; S, SstI. E* indicates artificial EcoRI sites, marking the end
of genomic Tpl-1/Ets-1 \ clones. The dotted line marks a polymorphic SstI site.

1.5-min elongation at 72°C. PCR amplifications were carried
out for 30 cycles in an M. J. Research thermal cycler.

Primer extension. Primer extension analysis was performed
as previously described (2). Briefly, 10 pg of total RNA from
normal rat thymus and the 2780 lymphoma line, which contains
a provirus in the Tpl-1 locus, was hybridized to 5 pmol of
primer PT194 or PT265 (see Fig. 7), previously labeled at the
5" end with [y->*P]JATP (ICN) and T4 polynucleotide kinase.
Hybridization was carried out in 80% formamide at 30°C for 16
h. The primer-RNA hybrids were incubated with 100 U of
MoMuLV reverse transcriptase at 37°C for 2 h. The single-
stranded portions of the RNA were removed with DNase-free
RNase (Sigma). The products of these reactions were electro-
phoresed in 6% polyacrylamide-8.3 M urea gels along with
end-labeled DNA markers and sequencing reactions of
genomic DNA using the same primers.

RNase protection. RNase protection assays were carried out
by standard procedures (25). Briefly, a 334-bp Sphl-Pstl frag-
ment spanning exons VI and VII (see Fig. 2) was subcloned in
pGEMB3Z. After linearization with HindlIII, the construct was
transcribed with T7 RNA polymerase (Promega) in vitro, as
recommended by the manufacturer, by using [a-*’P]CTP
(NEN DuPont). A 382-base riboprobe, which included 48
bases of vector sequences, was generated. The riboprobe (10°
cpm per sample) was hybridized, in a solution containing 80%
formamide, to total RNA (10 pg) at 63°C for 16 h and then
digested with 40 pg of RNase A (Sigma) per ml. The products
of the reaction were electrophoresed in 6% polyacrylamide—
8.3 M urea gels along with end-labeled DNA markers. The
intensity of the bands was quantitated with a 8 scanner.

Nucleotide sequence accession numbers. The sequences
reported in this paper have been submitted to GenBank under
accession numbers L20681, 120682, 121899, 1.21900, and
L.21901.

RESULTS

Screening a rat liver genomic DNA library with probe pSB1,
which flanks the Tpl-1 integrated provirus in the cell line
2772T-S, yielded two genomic DNA clones, ATpl-1.6 and
ATpl-1.21 (Fig. 1) (1). Northern blots of 2772T—S polyade-
nylated RNA hybridized to the pSB8 probe, derived from these
clones (Fig. 1), detected two mRNAs of approximately 5.5 and
2.2 kb. Using the pSB8 genomic probe to screen a cDNA
library prepared from poly(A)* RNA derived from these cells
yielded three cDNA clones, the largest of which (pRCT14a)
was approximately 5 kb long.

Sequence analysis revealed that pRCT14a contained a 441-
amino-acid open reading frame encoding a protein which was

identical to the protein products of the human (32) and mouse
(9) Ets-1 proto-oncogenes, with the exception of five and nine
conservative amino acid differences, respectively (Fig. 2). The
differences between the rat and human proteins do not overlap
with the differences between the rat and mouse proteins,
suggesting that these differences are species specific and not
tumor specific.

Earlier studies based on the frequency of recombination
between genetic markers in (Mus musculus X Mus spretus) X
Mus musculus interspecific backcross mice had shown that the
Tpl-1 locus maps to mouse chromosome 9 (1). The genetic
distance between the DNA sequences recognized by the Tpl-1
probe pSB1 and Ets-1 exon VII was estimated to be ~1.2 + 0.9
centimorgans (2 recombinants from 161 mice tested) (1). The
earlier reported distance between Tpl-1 and Ets-1 and the
conflicting finding of near identity between them, reported
here, raised questions about the identity of Tpl-1. To address
these questions, we first hybridized an EcoRI-Xmal probe
derived from the 5’ untranslated region of the Tpl-1/Ets-1
cDNA clone pRCT14a (Fig. 2) to a panel of MoMuLV-
induced rat T-cell lymphoma DNAs digested with SszI. The
probe detected a single-copy sequence in normal rat DNA; this
sequence was rearranged in tumors harboring a provirus in
Tpl-1 (Fig. 3A). Assuming that pRCT14a is a cDNA clone of
Ets-1 and not a ¢cDNA clone of an Ets-I-related gene, this
result suggested that Tpl-I is indeed Ets-I and that the
apparent genetic distance between them is due to an unusually
high frequency of intragenic recombination. To map the site of
recombination, a pSB1 probe and a mixture of exon III and IX
probes generated by PCR amplification, using exon-specific
primers and pRCT14a as template, were hybridized to a panel
of (Mus musculus X Mus spretus) X Mus musculus interspe-
cific backcross mouse DNAs. This analysis revealed that two
mice (mice 76 and 116) were homozygous for the Mus muscu-
lus pSB1 allele (Fig. 3B) and heterozygous for exons III and IX
Mus musculus and Mus spretus alleles (Fig. 3C). This is
compatible with a recombination event in the region between
pSB1, located 2.5 kb 5’ of exon A, and exon III. The physical
distance between these two markers is approximately 30 kb
(12).

Provirus insertion in the Tpl-1 locus occurred in primary
tumors as well as in tumor cell lines maintained in culture,
suggesting that the growth selection associated with provirus
insertion in this locus operates both in vivo and in culture.
Monitoring of T-cell lymphoma lines maintained in culture for
provirus insertion in the Tpl-1 locus revealed that once cells
with Tpl-1 rearrangements become detectable, approximately
24 cell divisions are sufficient to allow their clonal selection (1).
We therefore proceeded to examine the molecular basis of this
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exon IV
c‘rcccm'rccccm«ccccacrccacmmcccawrcccccxrrcccmucrccccrcrm'rcm TCAGCCTGAAGGGTGTGGACTTCCAGAAGTTCTGTATGAATGGA
L G P E K G VDFQKTFGCMNG
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T" exon V
GCAGCACTGTGCGCCCTGGGTAAAGAATGCT TCCTCGAGCTGGCTCCAGACTTTGTGGGGGATATCCTGTGGGAGCATCTAGAGATCCTGCAGAAAGAGGATGTGAAACCGTATCAGGT T
A AL CALSGI KTETCT FULETLA AZPUDTFVGDTIULWEWHTLE L Q K E DV K P Y QUV
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AATGGAGTCAACCCTACCTACCCAGAATCCCGTTACACCTCGGATTACTTCATTAGCTATGGTATCGAGCATGCTCAGTGTGTCCCTCCCTCAGAGTTCTCAGAGCCCAGCTTCATCACA
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GAGTCCTATCAGACGCTGCATCCCATCAGCTCGGAAGAACTCCTGTCCCTCAAGTATGAGAACGACTACCCTTCCGTCATTCTCCGGGACCCTCTCCAGACAGACACCTTGCAGACAGAC
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e o o s s e e e & a e e o o o e a o e e e o s » e e o o o s e o e o e e« o« o« N .
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I—Elexon Vil
TACTTTGCCATCAAGCAAGAAGTGTTAACTCCAGACAACATGTGCATGGGGAGAGCCAGTCGT! "AAACTCGGGGGCCAGGACTCTTTTGAGAGCATAGAGAGCTACGATAGTTGTGAC
Y FAI KQEVLTUZPUDNMCMGA RASUIRGI KT LGS GA QD ST FUESTIUESYDSTCD
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CGTCTCACCCAGTCCTGGAGCAGCCAGT! CATCTTTCAACAGCCTGCAGCGTGTCCCCTCCTATGACA@TTCGACTCCGAGGACTATCCC&T@CCTGCCCMCCACAAGCCCMGGGC
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exon VI
ACCTTCAAGGACTATGTGCGTGACCGTGCTGACCTCAACAAGGACAAGCCTGTCATTCCTGCTGCTGCCCTGGCTGGCTACACA GGGCCGATCCAGCTGTGGQG’ITTCTTCTG
T F KDY V RDIRADTULNIKDIKZ®PVIPAAAMALAGTYTSGSG P Q L W QF L L
e e e e . e . xon IX
GAATTACTCACTGATAAGTCTTGTCAGTCTTTTATCAGCTGGACAGGAGACGGCTGGGAATTCAAGCTTTCCGACCCAGAT! GGCCAGGAGATGGGGAAAGAGGAAAAACAAGCCT
E L L TDK S CQ S F I S WTGUDGWETFIKTULSDUPUDTEVA ARIRIWGTI KT RIKNTIKP
AAGAT GMTTATWTWGCGGCCTTCGCTAGAHACGACAMMTRTCANCMWxTACGI'GTACOGCTTTGT CTGCGACCTACAGAGCCTGCTG
K M Y E K R G L R Y D KNI I HIKTA AGI K RYVYRTFUVCDILAGQSTULL
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N L s
GGATACACCCCAGAGGAGCTGCATGCCATGCTGGATGTGAAGCCGGATGCTGATGAGTAACGGACACGGAAGGGGCTGGGGGGGACCGCTGAGACCTTTCAAAGAACAACCCGTGTTGGT
T HAMULDV KUZPDA ADE *
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TGGACTCTTAATTTTTAATTGTTATTCTATGTTTTATTTTCCAGAACTCAT TTTTCACAT TCAGGGGTGGGAGCTAAGGGAGTTGCAGCCACATTCCAT TGGCCATTGGCAAGGCCGGAA
AGGGAAAGTCAGGACCTGTGGGGTGGGTGGGGCAAGAAGT TCCTGAGGAGAT TTTTCAGGAGCGAGAGGGTCTTCTCAGAAGCCGAGCGACT TGACTTACAGAGGAAAAGGTTTATGTGT
CCAGTATTCTGTTTGCAATCAAAGGAAAGAGT TCATCTTGAGT TGTGGATCGACTAGCAGGAGGAATTGTCACGT TAAGATGAAAGTCAGTCAGCGTTGGTGGGTGGGAGGAAAACAGTT
TCTTCAGGGGATGACTAAACGCAAGAATTTATTAACCTTTCTACTTTTT TTGAAACAAAGATGGACTTTAATGGAAGGGATCCAAAACTGTTTTTATTGTTGAAGTTTATTTTATTARAT
TCTGTGCCAGTATTTTTTTTCTTAAAAAAAATCGTCT TAAGCTCTAAGGTGGTCTCAGTATTGCAGTATTGTGAGT TCGTTGTAAT T TGCTGGCTGAGGAGTCTCCCACAATGAARGGCA
GCTGTTTATATAGACCCCATGGAAAAATCCAAGTCTGTACTGAGAACAGAGACCCCCGAACTCTTACAGCTAAAGGACGTGAATGCTGAT TTGGGGACCAGGGAACTGTGTGAATTCCAC
CTGCGGTTTGTAAAACAACATTTCCAGTCCTTTTACT TACTGTCAGGCTGCGGGCTTAGTGTTAGT TAAGGGGCAT TAAGTCTT TGCACTGAATGTAT TTTTGCAGCTCTGCTTTGGAAC
TGTTGTCAGCATAGGTGCACTGTTTAAGTCTTGGAAAAGAAATCGAAGGAGGAAGTTGAACCTGGT TTTTGGTTAAATCGCTACCCGAAACATAGAAGACTCAAACTAAATGCTGTTTGC
ATGGGCATTACCCCTCGGATCTTAAGGCCTAAATGCATGCCGTTCCAAACTAACATTGTACAATTTCTCCTTTATGGCTTATTTCCCCAGTTCACCACATTGCTGCCCCTCCCCACCTTA
CTAATCAGTAGAGTGGAATGTAATGT TTCCTGATAGGTGAATGAAAGTGTAATTTCAGACATCACAGCACAAATCAAAGAGTACAGACT TTCTAGGGT TCAGAGAGCATGGAAACGAGGA
GGCTATTTCAGGAGCATGGGACATGGCCTCCTTTGGGAAGAGGCTTTCCTTTGAAGAATTGGAGCT TGTCAGGTAGGATTTCAGGTGAGGCTGTTTGCAGATGAAGTGGTAGAGAGCACT
GGGACTTCGAGCTTGACCTGTTGCTACCTCGGCAGAGT TAAGCGAAAGTCAGCTGCGGATGAGAGGAAAACT TGATGGAGGGAATACAACGGCAGGAGCTAAGAACGGAGAATAAGGTGG
CCCGTGACAGTGAGGTATAGTTTTACTTTCCTCAAAGT TTAAATTCAAAGACTTAATCGAGGCAGCCATCTTCCTGCCAGT TGAGAGAGGAGACTGGAAAGTAAGGCATTGTGGGTAAAA
ACAAAGTAAGGAAACATGCCTGGTATCATTAGAATCCCTCCCACTGTTTACCACGCCTAGTTGAGACAGCGACTGTGGACTTCCATGAGAGAAAAGAGGCAGTTGGTTGAGGTGGACCTC
TCCAGGCTCACCCTTCGGGGAT TGTAACTACCTGGTATCATCTTCATGAGAGTTGATGGCTGACTCCCAGATTCCCTTGAAGACTCTGAATTCCTGCGAACATAACT TGTCCATGGGTGT
TCTGTACTGACCGATTGGAGCATCCCCACCGGAAGCAAAGGCAAAACATCCCAGCTCTATGTTTTGATCTTAACAAATGCAGGTGCCTTAATGAAGCTCTCAAAGTATTTAGGAGCTGCT
CAGGGAGTGTTAGGTGGGATCATTTGGATTATGTTGTTTTTCTCTTATATTATGTGATCTTTGT TGGGCACTGGCAGTGTGTGTGTGTGTGTGTGGGTGTGTGTGTGTACATTTGTATAA
GCCTGCAGCTGAAATAGTACTGACTTTTCTACTTAAGTCTGTCCACATTTCCATAACGGCGAAAGAGTACATACAGCCAGGGCTGATTTCATTTCTCGCTCTTTGCAACAGGGCTTAAAT
AAAAAAAAAATCACTTCCCCAAGTCGTCGTCCTTGCCCCTATTCAGT TCATGCTGAAAACGCCCCTCTCGAGAGCCTACCGCCTGCAGCCAGTAGCAGATAAGACGTAAGAAAGTGCCTC
CCACACGGCTCAGCTTGCTGACTTGCTTCTCCCCAGGTCCACCACTTTCAGGAT TTGTAGATAGGATAT TAGTCAGCT TGGTGGTCCATCTGGCCAGACGCTCTTTCCCATGCTGTCCAA
AGGCCAGAGACCATCCCAGGAAGAGTGGCGGGTGGTTTATACACTGGAAATGTAGCGGCATTGCTGCATTGATGCTCTACAAAAACACGT TCACT TCAGAGGAAGGATGAGCACATCTGA
TCCAGCTGGGTGGCTCCATTGTTTTCCCAGAGAGATGCTTTAACCTGTGCGGTTGGCTTTTGGCTCAGAGCTCAGGGGAATAAGGATGCTCCCTGCATAGAGCTCTGACCGTTGCGCCAT
GGAAACCAGTGGAAGCACTCTAGATCAGAGACACTCTTCCTCACTTTGGAGATCAACACTCTGGGTTTTAAAGCATTAACCTTCATGGTGAAATCACACCTTCTCTCTTCTAGCCATGCT
GTGCATGCCGCTTTCTCTGTCGGGGGGTCTCTATAAATTTGTTGAACTCTTACGTACATTCCAAAGAAGT TTCAAGGAACCACAAGTATATGTATACAAATACATATATGAAGTATATAT
GTTAAAATGAAATTATCTCTATCAGGAATACTGCCTCAGTTAATTGAATTTTTTTTAAGGATACTT TTTTTTAAGCGGAGAATTAT TGGGGTGTAAAAGATGTTATATTGTGT TTGACTA
TTTTCCAGCTTGTATTTTCACATAATTTATATTTTTTAAATGCTGAAAATT TAAAAGCGAGATTTAAAAAGGAAAAGCAGGTGCTTTTT TTT TAAAAAAAAGAATCAGAACTGAGGTAGC
TTAGAGATGTAGCCATGTAAGTGTCTTAAATGTTTTGT TTTTAAAAAAAAAACAAATGCAAAAAAATTCT TATGGGGGAGTTTTTTGTTTGT TTCTTTTAGTAGCTGATGCTGGCACATT
TTGCTGGAAAGTTTTTTATATACTGTAGCCTGATTTCATATTGTATTTTAAACTGTGCt cgtgecgaattc
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FIG. 2. Nucleotide and deduced amino acid sequences of the Tpl-1/Ets-1 pRCT14a cDNA clone. The differences between the 441-amino-acid
open reading frame and the human and mouse Ets-1 protein are highlighted. Exon boundaries, marked by arrows, and exon nomenclature are
those used in references 12 and 33. The sequence of the EcoRI linkers used for cDNA library construction is written in lowercase type.
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FIG. 3. Genetic mapping of the pRCT14a cDNA clone. Intragenic recombination in Tpl-1/Ets-1. (A) Southern blot analysis of SssI-digested
DNAs from normal rat thymus (NRT) and MoMuLV-induced primary tumors and cell lines with or without a rearrangement in Tpl-1. The
EcoRI-Xmal probe derived from the 5’ untranslated region of pRCT14a detects a rearranged band, due to the insertion of the proviral long
terminal repeat SstI site, only in DNA specimens with provirus integration in Tp/-1: 2780 Thymus, 2772T—S, and 5675 CL-1 (1) (Fig. 1). The two
bands in 2772T—As and 2772T—PP are normal alleles owing to heterozygosity for the polymorphic SstI site (Fig. 1). (B and C) Southern blot
analysis of DNA from Mus musculus C57TBL/6J (B6), Mus spretus (SP), and two (Mus musculus X Mus spretus) X Mus musculus interspecific
backcross mice (76 and 116), hybridized to the Tpl-1 probe pSB1 (panel B) and to a mixture of Ets-I exon III and IX probes (panel C). Animals
76 and 116 show homozygosity for the Mus musculus pSB1 allele and heterozygosity for the Mus musculus and Mus spretus exon 111 and IX alleles,
owing to a recombination event between the markers pSB1 and exon III. The migration of the exon III and IX Mus musculus and Mus spretus alleles
is indicated. The migration and size (in kilobases) of the markers are shown at the left of each panel. The restriction enzyme used is indicated at

the bottom of the panels.

rapid selection. First, we used Northern blot analysis of
poly(A)* RNA to determine the expression of Tpl-1/Ets-1 in
normal rat tissues. This showed that Tpl-1/Ets-1 is specifically
expressed in hematopoietic tissues (spleen and thymus), giving
rise to two mRNA transcripts, of 5.5 and 2.2 kb (Fig. 4A).
Subsequently, poly(A)* RNA extracted from six MoMuLV-
induced T-cell lymphoma lines, including 2772T—As and
2772T—Ln—Ln, which have a wild-type Tpl-I allele, and
2772T—S, harboring a provirus in Tpl-1, was hybridized to the
pSB8 probe. To determine the relative amount of RNA per
lane, we hybridized the same filters to a cDNA clone of the
gene encoding the ribosomal protein L32 (RPL32) (17). The
intensity of the bands was quantitated with a B scanner. The
appropriate ratios between the 5.5- and the 2.2-kb Eis-1
transcripts and the RPL32 were calculated. The results re-
vealed that provirus insertion is associated with a modest
enhancement of the steady-state level of Ets-I mRNA (Fig. 4B
and C; Table 1).

We then examined the structural differences between the
5.5- and 2.2-kb Ets-] mRNA transcripts. Poly(A)* RNA,
extracted from a MoMuLV-induced T-cell lymphoma line
derived from tumor 6889, was size fractionated in a sucrose
gradient (17), and the fraction between 2 and 3 kb was used to
construct a cDNA library, which was screened with the pSB8
probe. Six clones of approximately 2.1 kb were isolated, and
their ends were sequenced and aligned with the 5-kb pRCT14a
clone. The 3’ ends of all six clones were mapped in a region
between nucleotides 2167 and 2198 (Fig. 5A), suggesting that
the difference between the 5.5- and 2.2-kb mRNAEs is the result
of differential polyadenylation. To test this hypothesis, we

hybridized Northern blots of poly(A)* RNA from 2772 cells,
with or without a provirus in Tpl-1, to probes from either side
of the region defined by the 3’ ends of the six clones. This
showed that probe A, extending between nucleotides 1587 and
2118, detects both mRNA transcripts, whereas probe B, ex-
tending between nucleotides 2259 and 2618, detects only the
5.5-kb mRNA (Fig. 5B). Therefore, the two mRNA transcripts
are indeed due to differential polyadenylation. The polyade-
nylation site responsible for the 2.2-kb mRNA transcript lacks
a conventional polyadenylation signal (AAUAAA). To deter-
mine whether provirus insertion affected the frequency of
transcripts arising by differential polyadenylation, we examined
their ratio in 2772 cells with or without a provirus in 7pl-1.
Quantitation with a B scanner showed that the ratio between
the 5.5- and 2.2-kb transcripts (2.1 to 2.4) is not significantly
affected by provirus integration (Fig. 5B; Table 1).

The 5’ region of the Tpl-1/Ets-1 mRNA could theoretically
be altered, following provirus insertion in this locus, as a result
of promoter insertion or alternate promoter usage. Because of
the potential effects of the 5’ region on the efficiency of mRNA
translation, we proceeded to map the sites of Ets-1 transcrip-
tional initiation in normal thymocytes and in the tumor cell line
2780, carrying a provirus in the Tpl-1 locus. This was done by
primer extension with the oligonucleotide primers PT194 and
PT265, which are complementary to sequences in exon A (see
Fig. 7). To precisely map the sites of transcriptional initiation,
we electrophoresed the primer extension products in parallel
with the products of sequencing reactions carried out on
genomic Tpl-1 clones with the same oligonucleotide primers.
The results shown in Fig. 6 revealed that transcriptional
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FIG. 4. Ets-1 expression in normal rat tissues and in MoMuLV-induced T-cell lymphomas. (A) Poly(A)* RNA extracted from normal rat
tissues was electrophoresed in formaldehyde-agarose gels, transferred to nylon membranes, and hybridized to pSB8. Two transcripts of
approximately 5.5 and 2.2 kb were detected in the spleen and thymus. No detectable expression was found in the testes, brain, or kidneys. (B)
Poly(A)* RNA extracted from three MoMuLV-induced T-cell lymphomas was electrophoresed in formaldehyde-agarose gels, transferred to nylon
membranes, and hybridized to pSB8 (upper panel) and, as a control for the amount of RNA, to the ribosomal protein L32 gene (lower panel).
Lanes: 1, LE3Sp Cl1; 2, LE3Sp CI2; 3, 6890. (C) Poly(A)* RNA extracted from 2772T—S (lane 1), 2772T—As (lane 2), and 2772T—Ln—Ln (lane
3) was analyzed as in panel B. The cell line 2772T—S, harboring a provirus insertion in Tpl-1/Ets-1, shows a slightly higher level of Ets-7 mRNA
expression than do 2272T—As and 2772T—Ln—Ln, which have a wild-type Tpl-1/Ets-1 allele. Arrows indicate the migration of the 28S and 18S

rRNA:s.

initiation in the Tpl-1/Ets-1 promoter is independent of provi-
rus insertion. Figure 7 shows a comparison of the human and
rat Ets-1 promoter-enhancer regions. Portions of these regions
are conserved between the two species (12). However, none of
the known putative transcription factor-binding sites described
for the human Ers-1 gene is completely conserved in the rat
gene (12). The level of Ets-1 protein expression is enhanced
only modestly following provirus insertion and correlates with
the slightly increased levels of RNA (Fig. 8).

Earlier studies had shown that exons IV and VII of the
human Ets-1 gene undergo alternative splicing (12, 21). To test
whether exon VII of the rat Ets-1 gene is also alternatively
spliced and whether provirus insertion affects the splicing
frequency, we performed a quantitative RNase protection
assay. A 334-bp Sphl-Pstl fragment spanning exons VI and VII
(Fig. 2) was subcloned in pGEM3Z. Following linearization
with HindIIl and in vitro transcription with T7 RNA poly-
merase, we generated a 382-base riboprobe, which included
vector sequences. Following hybridization to cellular RNA and
RNase A digestion in all tested specimens, the riboprobe was
degraded into a 334- and a 231-base fragment corresponding to
the unspliced and spliced Ets-/ mRNAs, respectively (Fig. 9A).
The intensity of the bands was quantitated with a B scanner,

TABLE 1. Quantitation of the Ets-] RNA transcripts in 2772 cells
with or without a provirus in the Tpl-1 locus, and ratio
between the 5.5- and 2.2-kb Ets-1 transcripts

Activity (cpm) of band: Ratio of cpm values for:

Sample 55kb/ 22kb/ 5.5kb/
55kb  22kb  RPL3Z  phr3y Rpr3a  22kb

2772T—S 12,416 5,122 85359 0.145 0.060 2417
2772T—As 7,254 2,786 94,930 0.076  0.029  2.621

2772T—-Ln—Ln 9,583 4,456 80,491 0.119 0055 2.164

A
Probe A Probe B
RIMANAT CEN
—H: 5.5kb m-RNA
7 ~
- ~ o 22kb m-RNA
- ~
# ~
7 ~
F ~

N

7 ~
TGCCAGTATTTTTTTTCTTAAAARARATCGTCTTAR
2165, 2200

Probe A Probe B

FIG. 5. Differential polyadenylation of the rat Ets-1 gene; structure
of the 5.5- and 2.2-kb transcripts. (A) Mapping of the 3’ ends of six
independent Ers-1 cDNA clones of approximately 2.1 kb, isolated from
a size-selected cDNA library, on the sequence of the 5-kb pRCT14a
cDNA clone. The transcription end sites of the six clones cluster within
a 32-bp region. A schematic representation of the structures of the 5.5-
and 2.2-kb rat Ets-1 mRNAs is shown, along with the origin of probes
A and B (see text). (B) Poly(A)* RNA extracted from three Mo
MuLV-induced T-cell lymphoma lines (from left to right, 2772T—S,
2772T—As, and 2772T—Ln—Ln) was electrophoresed in formalde-
hyde-agarose gels, transferred to nylon membranes, and hybridized to
probe A (left panel) and probe B (right panel). Probe A detects both
the 5.5- and 2.2-kb mRNAs; probe B hybridizes only to the 5.5-kb
mRNA.
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FIG. 6. Primer extension analysis of the rat Ets-] mRNA. Primer
PT265, which is complementary to a sequence in exon A (see Fig. 7),
was hybridized to RNA extracted from normal rat thymus (lane 2) and
the 2780 lymphoma line harboring a provirus in Tpl-1/Ets-1 (lane 1).
The primer was extended with reverse transcriptase. Five bands of 260,
231, 193, 183, and 173 bases, corresponding to major sites of transcrip-
tional initiation, were detected in both RNA samples. Similar results
were obtained with the primer PT194, which is complementary to a
sequence 90 bp 3’ of the 5’ end of the pPRCT14a cDNA clone (see Fig.

7).

and the relative amount of mRNA lacking exon VII in all T
cells, regardless of provirus insertion in the Tpl-1 locus, was
found to be approximately 15 to 26% (Table 2). Sequence
analysis of exon VII and the flanking introns revealed an
evolutionarily conserved inverted repeat which is present at the
5’ end of exon VII and the 3’ end of the preceding intron (Fig.
9B). This repeat may contribute to the differential splicing of
exon VII by one of two potential mechanisms: (i) the forma-
tion of a stem-loop structure that prevents the recognition of
the overlapping splicing signals or (ii) the binding of a protein
that inhibits splicing (Fig. 9C).

A quantitative analysis of the alternative splicing of exon IV,
as well as of the combined splicing of exons IV and VII of the
rat Ets-1 gene, with regard to provirus insertion was not carried
out.

DISCUSSION

Our earlier studies had shown that the Tpl-1 locus, targeted
for provirus integration during progression of MoMuLV-
induced rat T-cell lymphomas, is closely related and linked to
the Ets-1 proto-oncogene (1). In this report we have presented
evidence that all the known 7pl-1 provirus insertions occurred
immediately 5’ of the first exon of Ets-1 and that the earlier
uncertainty about the relationship between Tpl-1 and Ets-1 was
due to the high frequency of meiotic recombination within the
site of provirus integrations and exon III. A high frequency of
meiotic recombination had previously been shown to occur
within the mouse major histocompatibility complex and the
pseudo-autosomal region of human chromosome Y (28). Al-
though the molecular mechanism contributing to this phenom-
enon is not currently known, it should be taken into account
during the interpretation of gene-mapping data based on the
frequency of genetic recombination. It is intriguing to consider

J. VIrOL.

that the site(s) of high-frequency meiotic recombination and
the site(s) of provirus insertions in Tpl-1 overlap.

The Ets-1 proto-oncogene is expressed in hematopoietic
cells, giving rise to 5.5- and 2.2-kb RNA transcripts, with the
highest levels detected in CD4* CD8~ T lymphocytes (5). In
this report we have shown that Ezs-1 is also highly expressed in
MoMuLV-induced T-cell lymphomas and that its expression at
both the RNA and the protein levels is only modestly enhanced
following provirus insertion. Because of this, we proceeded to
investigate whether provirus insertion affected the ratio of the
two Ets-1 transcripts, the site(s) of transcriptional initiation,
and the previously detected differential splicing of exon VIL
To carry out these studies, we determined the molecular
mechanism responsible for the generation of the two RNA
transcripts, sequenced the Ets-1 promoter region, mapped the
sites of Ets-1 transcriptional initiation within this region, and
examined quantitatively the differential splicing of exon VII.

The studies presented in this report show that the 5.5- and
2.2-kb Ets-1 mRNA transcripts are the result of differential
polyadenylation. It is interesting that the polyadenylation site
responsible for the 2.2-kb mRNA is not marked by a classical
polyadenylation consensus sequence. The sequence closest to
the polyadenylation consensus in this region is AACAAA
(nucleotides 2094 to 2099). The lack of a strong polyadenyla-
tion signal in this region is likely to be the reason that
transcription does not terminate reproducibly at this site. Since
the 3’ untranslated region contains sequences that may affect
the stability of the mRNA, differential polyadenylation may
contribute to the regulation of gene expression. Quantitative
analysis showed that the ratio of the 5.5- to the 2.2-kb
transcript in all tissues expressing Ets-1 ranges from 2.1 to 2.4
and that it is not affected by provirus insertion in the Tpl-I
locus.

Provirus insertion in Tpl-1 could alter the 5’ untranslated
region of the Ets-I transcripts. This could be the result of
either promoter insertion leading to the synthesis of virus-host
hybrid mRNA transcripts or provirus insertion-induced differ-
ential promoter usage. Our analysis, using primer extension
assays, showed that provirus insertion had no effect on the sites
of transcriptional initiation, thus excluding any major influ-
ences of provirus insertion on translation.

Differential splicing of exon VII may play an important role
in the regulation of the transcriptional activity of Ets-1. Thus,
it has been shown that exon VII contains sites targeted by
phosphorylation. Moreover, the Ets-1 protein loses the ability
to bind DNA upon phosphorylation of these sites (13, 19).
Therefore, differential splicing of exon VII appears to be
responsible for the synthesis of an Ets-1 protein product whose
DNA-binding activity may not be regulated by phosphoryla-
tion. In this paper we have presented evidence that the
differential splicing of exon VII may be regulated by a potential
sequence-dependent secondary structure at the junction of
intron vi and exon VII. Thus, we showed that the sequences at
the 5’ end of exon VII are the inverted repeat of the sequences
at the 3’ end of the intron. Theoretically this may direct the
formation of a stem-loop structure which could interfere with
the recognition of the splicing signals at the 5’ end of exon VII.
Alternatively, the inverted repeats may form a palindromic
binding site for a protein that inhibits splicing. An analogous
form of splicing regulation was suggested previously to con-
tribute to the regulation of the differential splicing of exon 6B
of the chicken B-tropomyosin gene (15). In this case, secondary
structures in cis at the intron-exon junction may interact with
trans-acting factors which compete with the binding of splicing
factors (15). Our quantitation of the differential splicing of
exon VII revealed that approximately 15 to 26% of the Ets-1
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FIG. 7. Promoter region of the rat Ets-1 gene (upper line) and comparison with the human Efs-1 promoter (lower line). The sites of
transcriptional initiation for the rat and human genes are indicated by solid and open circles, respectively. The asterisks mark sites of initiation
corresponding to actual cDNA clones, whose ends were sequenced.

RNA transcripts lack this exon and that provirus insertion does
not alter the frequency of differential splicing.

The data discussed in the preceding paragraphs indicate that
provirus insertion in the Tpl-1 locus only modestly affects Ets-/
expression. Moreover, the Ets-1 transcripts in tumor cells with
a provirus in Tpl-1 appear to be structurally identical with

those detected in normal cells. To reconcile these findings with
the strong selection of cells with a provirus in the Tpl-I locus,
we propose that provirus insertion may exert a subtle effect on
the expression of Ets-1 during cell cycle progression. Stimula-
tion of normal T cells with concanavalin A is associated with a
rapid drop in Ets-1 transcription as well as with the rapid
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FIG. 8. Ets-1 protein expression in 2772 cell lines. Total protein (75
ng) was separated by SDS-PAGE (10% polyacrylamide), transferred
to a polyvinylidene difluoridle membrane by electroblotting, and
probed with an anti-Ets-1 antibody. The signal was detected by
chemiluminescence and quantitated with an image analyzer. The cell
line 2772T—S (lane 2) shows slightly higher Ets-1 expression than do
2772T—As (lane 3) and 2772T—Ln—Ln (lane 4): 62,467 counts
versus 48,520 and 36,266 counts, respectively. Lane 1 contains Ets-1
protein expressed in Sf9 insect cells infected with a baculovirus
construct. The sizes of the markers are shown in kilodaltons.
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phosphorylation and degradation of the Ets-1 protein product.
This suggests that Ets-1 may interfere with the transition from
G, to G, (6, 20). Continued stimulation of the cells with
concanavalin A, however, is associated with a slow increase of
the steady-state levels of Ets-I RNA transcripts, suggesting
that Ets-1 may contribute to cell cycle progression in cycling
cells (22). Although it is not currently known whether normal
cycling cells have cycling levels of Ets-1, these observations
suggest that provirus insertion may be responsible for the
expression of continuously high levels of Ets-1 RNA during cell
cycle progression. This, in turn, may promote the growth of
cycling cells or may prevent their exit from the cell cycle.

It is also conceivable that, in addition to the modest effect on
Ets-1, provirus insertion in Tpl-1 could affect the expression of
another gene, located upstream from the cluster of integrated
proviruses. We analyzed genomic clones spanning approxi-
mately 18 kb upstream from the site of integration but failed to
detect expressed sequences (3a). However, since provirus
integration may lead to the enhanced expression of a gene
located as far as 300 kb away (29), the possibility that a gene
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FIG. 9. Alternative splicing of exon VII of the rat Ets-1 gene. (A) RNase protection assay of exon VII alternative splicing in normal rat tissues
and in MoMuLV-induced T-cell lymphoma specimens. A 382-base riboprobe spanning exons VI and VII of the Ets-1 cDNA and also containing
48 bases of plasmid sequences is degraded in all the specimens to a 334- and a 231-base fragment corresponding to the unspliced Ets-/ mRNA
and to an mRNA lacking exon VII, respectively. No signal was detected in the mouse-rat hybrid cell line 2780Hy16, which has a homozygous
deletion of the rat Ets- chromosomes (negative control). (B) Inverted repeats, whose direction is indicated by arrows, surround the exon VII splice
acceptor site. The repeats are conserved in the rat, human, and mouse Ets-1 genes. (C) Hypothetical models of the function of the inverted repeats
in the regulation of alternative splicing of Ets-1 exon VII. The repeats could generate a stem-loop structure (upper panel); alternatively, they could
represent a palindromic binding site for a splicing factor (lower panel). In both cases the splice acceptor site of exon VII would not be accessible

to the splicing machinery.
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TABLE 2. Alternative splicing of rat Ets-1 exon VII as shown by
quantitation by RNase protection®

Activity (cpm) (%) of:

Sample
334-bp band 231-bp band
LE3Sp 27,102 (79.3) 5,152 (20.7)
2779 25,381 (80.0) 4,618 (20.0)
6890T 48,828 (78.5) 9,726 (21.5)
6890C11 26,439 (74.1) 6,712 (25.9)
6889C11 49,934 (83.0) 7,433 (17.0)
BI1T 51,819 (78.9) 10,043 (21.1)
6890C12 37,270 (77.2) 8,019 (22.8)
6889C12 114,103 (75.7) 26,697 (24.3)
2772T-Sp 47,040 (78.8) 9,191 (21.2)
27712T—As 35,438 (80.8) 6,158 (19.2)
Thymus 23,260 (78.4) 4,663 (21.6)
Spleen 67,848 (84.3) 9,152 (15.7)
2779 42,587 (85.1) 5,446 (14.9)
2780 37,018 (81.1) 6,284 (18.9)
2770 11,327 (76.6) 2,515 (23.4)
2775 45,790 (81.1) 7,751 (18.9)

“ Since labeling was done with [a-32P]CTP, in order to calculate the percent-
age of the transcripts with and without exon VII, the cpm values of the 334- and
241-bp bands were divided by the number of C residues present in each band: 103
and 75, respectively.

other than Ets-1 is activated by provirus insertion in 7pl-I
cannot be ruled out.
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