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Sequence, topography and protein coding potential of mouse int-2:
a putative oncogene activated by mouse mammary tumour virus
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A major proportion of carcinomas induced by mouse mam-
mary tumour virus (MMTV) show evidence for proviral ac-
tivation of a cellular gene, int-2, on chromosome 7. The
sequence of 7869 bp ofDNA spanning the transcription unit
of int-2 was determined and compared with that of a series
of int-2-specific cDNA clones derived from mammary tumour
RNA. The predicted positions of intron-exon boundaries,
established by alignment of cDNA and chromosomal DNA
sequences, indicate that the gene comprises at least three ex-
ons. An open reading frame capable of encoding a protein
of 245 amino acids with an estimated mol. wt of 27 kd, is
flanked by substantial non-coding segments at both 5' and
3' ends. Comparison of the chromosomal DNA sequence and
the predicted amino acid sequence with available data-bases
has revealed no homology to other known genes. These results
are discussed in relation to the status of int-2 as a candidate
proto-oncogene.
Key words: int-2 cDNA/int-2 sequence/MMTV/oncogene/pro-
virus
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Introduction
The oncogenic properties of retroviruses can be mediated by
several distinct mechanisms, the most clearly established being
the transduction or insertional mutagenesis of cellular proto-
oncogenes (Bishop, 1983; Varmus, 1984). While - 50 isolates,
of acutely transforming retroviruses, carrying transduced cellular
genes, have now been described, the vast majority of naturally
occurring retroviruses do not contain recognizable oncogenes and
are only tumorigenic after prolonged latency (Teich et al., 1982).
There is now a considerable weight of evidence to suggest that
many of these latter viruses exert their tumorigenic properties
by integrating within or adjacent to cellular proto-oncogenes
thereby perturbing either the structure or level of expression of
such a gene (Varmus, 1982). In some cases, the target oncogene
is familiar (Corcoran et al., 1984; Fung et al., 1981; Hayward
et al., 1981: Nilsen et al., 1985; Noorii-Daloii et al., 1981: Payne
et al., 1982; Selten et al., 1984; Shen-Ong et al., 1984; Steffen,
1984), while in others, the existence of an oncogene is only in-
ferred by the repeated finding of proviral DNA within a limited
chromosomal domain in virally induced neoplasias. In carcinomas
induced by mouse mammary tumour virus (MMTV) two such do-
mains have been described, designated int-i and int-2 (Nusse and
Varmus, 1982; Peters et al., 1983).
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Fig. 1. Structure and expression of the int-2 gene in mammary tumour
W26. (a) A physical map of the mouse int-2 locus is presented in which the
sites of cleavage for the restriction enzymes BamHI (B), EcoRI (E), HindmI
(H), KpnI (K) and Sacl (S) are indicated. The bold line delineates DNA
sequenced in this study. Boxed segments below the map depict the
EcoRI/SacI restriction fragments, designated 'a' to 'h', which have been
exploited as int-2-specific probes. Arrowheads identify the position and
transcriptional orientation of MMTV proviruses mapped within int-2 in 24
independent mammary tumours, with the open arrowhead corresponding to
the solo LTR in tumour W26. The type of data used to map proviral
insertions is illustrated with reference to tumour W26 in (b). Note that the
physical map is shown inverted relative to previous presentations in which
the direction of transcription was incorrectly assigned (Dickson et al.,
1984). (b) Southern blotting analyses were performed on EcoRI-digested
DNA from either normal (N) or tumour (T) tissue, fractionated on a 0.8%
agarose gel and hybridised sequentially with a series of int-2- or MMTV-
specific probes. The figure shows results obtained using (from left to right),
the int-2 a, MMTV LTR and int-2 f probes. The novel fragment (<)
detected with all three probes was estimated to be - 1.3 kb larger than the
normal 10.0-kb EcoRI fragment from the int-2 locus, consistent with
insertion of a single LTR. Numbers to the left of the figure indicate the
sizes (kb) and relative position of fragments of HindU-digested lambda
DNA employed as standards. (c) A typical Northern blot is shown in which
5 jg of polyadenylated RNA from tumour W26, fractionated on a 1.2%
agarose-formaldehyde gel, was hybridized with the int-2 g probe. The
predominant RNA species was -3.1 kb in length as estimated relative to
rRNAs and the MMTV-specific 35S and 24S mRNAs.
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66ATCC6AATGCCCTCT66ATTCATTT6T6ACATCTTASA6CTTAGGTTGBTCTTCGA6ACACA666CT6TCCCCT6TAAA6CA66TTCCATCASTSACTCCA666TrTTTSCABTTCA 120

6TBCG6TABTTTTCA6ACTGCTTAAA6TTTCTCA6666CTA66C6T6666CA6ABACCET6CA6ACCCT66CTA6AACA6A46KCCT666A6ACA6TTBA66BT6CTCAGCT6TBGA66A 240

CATBTBCATTCA6CATC CT6AABA866CCTrBCTACCCTAAA T6A66T TCTCA668 TB6AAAAT6TCCCABTBT 6T6CTA6TAA4TABCTTCTSTAtCBT sA6 TcCCCCCCACCCCAACAE 360

TTCTCAS6ATCTCACATCAACAA666CrTTCCCCCA6ACTCCTCCC6AARACTCA66ATCAACTTA66AACCMT6T6T6TACCCATBCcCAC668TCCT6AGBCATB6UTA6SETABT 480

T6CTB6CCARS66ACC6TT66AA6CACA66ATST6B66TB66AccTTTTCT6ATACCTCA6cAA6TccTTCTTCTTT6A6cCCcTTS6CAA6T4A6ABcGAACTA6TCAA6A6CTcA666T 600

CCA666A6CTATTCCCT6AACCT66ACTCCCCCTCA6CCTGCCABS6T666CAT6C666CCsC A TT6TB6ATlCTTCtlTTTCCCTTCBTTCTBT6TsCCCTCTTATCTCCACATTCCTrCCC 720

CCTCTCCACT6CTCTCCTCCTTCTTTCTCTTCA6CCAAATCTGTCATCT6CCTCAcCCCACCTTTATTTCT6TCTCTCCcTAGATTTCCT666CTCTAA6ECTCT6T6KCTCTATT6TCTC 840

T6CTCCTATCTGTGCAGTSCCCCTCTCT66ACCACCECT6E6ACA6ACCACTCCCACTTAABSrT6TCAAACTTCCTSTGCTACCTTCTBSTCA6TTM6ASTACTTC6A6CTTrA66TCCC 960

T666CCE7Ts66CCACAA6ACTGGAC6CCABCBTCT6f6Acc CS66Jr44STc6AASGCCT6CACSAACCCAACCCC666CTCCC6CAcCGCACCCCTCCBCAATT6CTCT6sATTA66C 1080

BCCGCCTTTCATBA6C6tTTTTCA6CTA6ACTTCCCCSCAAGTTGTTtT6C6CAACATCAGTCATCCACA6TCCCATTST6CACCCA6EATTGAT6TAA6BC6CB6A6666ETSACA6 1200

C7E66866C6ET76CCTTTA6BCCTC6CTCTATAATTTTCCBAG 6CATAATT 66TCT 66666666CSS 666C6666CBGACCTTTCAGABC6C666M666CTCrAGSBCBACB6C6i66GA 1320

BC66C6BCCC6ACGBCrCTT6sC6CB6sA6CT6T6C6CAS6C6AC6CCCsCCT6ASTCCCGCScCCCCCCCA666ACCACS6CCGCCTrTTCTGTSTCAA6CGCCCTTUCTTCMASACTST 1440

CCTTtTCTC TTCTTMCTTMCC T= INOT N f 61i
0 1680

#t61lyLeu 11 TrpLeuLeuLvuLeu

MUTET t ? llJT_OMWT 1A 1920
SerLeuLeu61luProSer TrpProThrThr61lyPro6l yThrArgLeuArgArgAspAl a61 yf1yArg61 y61 yVaITyr61 uHi sLeu61lY6} yAlaPrDArgArgArgLysLeuTyr

tIcSM _1T6 T6T CA66i TASTCAS6ATC666AACA4666A66C A4664SC8AABBCC 2040
CysAI aThrLysTyrHi sLeu61InLeuHi sProSer61 yArgVal Asn6l ySerLou61 uAsnSerAl4aTyr

41~~~~~~~~~~~~~~~~~~~~~4

66A66OCTC68TCCCCTGCCSCCAC6TCCTA6ATA6A66CA646CT6A68TCA6TCC6AA6ACBCCBCC6C66TcCCCAGCTACC6AACTCACCAABCTSCCCCB=6TCCC6CTCCCCC 2160

A66ASCT6C6C666A68C6AcCCCC68TTCT6ACACrTTTCTATTACTCAAT6AAAA6CC6TT66ACAAB6ATTTAT6CGCCTCTTTATTSTTTT6ACSACCCC6686T6CAT66CCA6TC 2280

CCTTTCBTTCTCtTTTBCTCTCA6CC6ATGCGCBGA66RACACCCACTA66CA6A6CTCS6TTTCsCGCAC6C66CATCTBAC6ACABGCTT6TCCC6C6TCCTBCBcCCC 6CAAG6UC 2400

SCOACA66ACAAACA66CSTCCCCTCST6TTCC66AT6CTBCT6ACACOCACCCACAGCCCBCA6CTC6ATCATACCCAGS6CCA6TTCCC86ATATT6CAS666TTT6CTTCTTCAGTT 2520

68STACCCACBA6CG6A6CT66ACCA66A6CBTT6CTC6CT6C6TB66BA66A66CC6C6CAAAACTCACC6CGCCCs666C6CA664ASCC6A6C6666BBC6CBG666NCS66866A 2640

ACC6CA6CTTCCTCCT6CAAA6CC6CABCCCC6L66G6B8C6TCCTB6GBACTA6ACCTGTC666CC}T66A6CGC668CTCCTCATBC6CACCACTCCCCATTTGCT86AYCCC88646A 2760

TECCAG6AT6TAGA66A6666CACATTSC6TcCCACCTAGBB6CACTCA6TCT666TCT6TCT66CsCC46CTSTA6A66CCTCATCCT6CACCCCTCCAAACC6T68CTA6iSC6ASAT 2980

CTCAACT6A6TCC66TAATCT66ACCAT6CT666TCCCA6C66CC6CTCCCTA6AAABE6A6T6AATCCTC6ACCCACTATCCC6G66STCTTT6ACCTCC>CTCCCTCCCAAA66CCAC 3X00

TATACT6TTCAC66CaAA6CT6SAT6AA6TTTS66TT6TTTTT6TAtTTTTTTT6TJTT6T6T6TCCACA6TSA6T6T6T6ABBTCATTES6CCACTASCT66A6TCT6TCTCTCTT 3120

CCAT CAT6T6BT 6TTCTC6ATCAAAC TCT66T ATCA6TC TCT6CAAC TTCTC6TTC ATCT CCT6ATGA6A6T T6TTAACTTTT TACCTACTCT TAGG6CCTs6T6ABCCCT6TCACCT 3240

TTCCTCA6CAcCCCA6CCCTTTTC6TBTBCA66CTACCTCTCA66CACAATCJTTTSATCACTTBCTBCCA6T6B6686CT6BOCT8CAAACCCTB6CTTCCCTAA6A6TCTTG6CCACC 3360

TCCCCTTtTT66TCTCCATCT6CTCTG666TTTS6ATCTCCCAAACCATTAT6T6TGGCTTAA6TTACTT6AT6CTT6CBABACC6A66CATTCACAAGATT6CACAAAATACA6ACTE6 3400

67C6A TCT6TCCABGTTrCACCCAA6r6cAT6XCAGS6CAQAAkCATTCCCATCAT6 TCTTCTCCT6A66T TA66AT TAABT C T6CC6C ACA6T B6CA6AT6C£CCCT TTCCTTACCA 360

CCT6CTCAAT6TTTTCTTCCTACCA66ACTTCCAACCABACCT6TCCCABCTTCCcT6ACCTA64AB666BAACTSOCTCAGGCT6AB8TTCT6CTTA66TT6AA6C6TYSATOGACTCT 3720

TCC T6AC TCtJTTCCTCCAiTTI TTATJ£THMTW BTNT0Cl TCAWCTCTTTT T tOMTAM TNM LCAA TLMAATlWTATTCl 3840
Ser IIeLtu6 u IlleThrAlI Val6 1uVal 6IyYilalAlal11l1eLys61 yLeuaPhtSer6l yArgTyrLtuAl afet AsnLysArg61lyArgLauTyrAlASer

6T8A6TTCCATTACT6STS66CAB6T6CT6AT64AATAACCATCT66CTT6ASCATCT6ATTS66666 ACRASAAGASACATBAA6AATA6ACTTCTTA6CCCCCA66TCAT6CCA6ACTC 3960

AAGCTCGTCCA6ATCCCTCCTG66CTTCTGA6T6CCTBCCCAACACABACTTTAG6TSCTCAG6A4AAAT6CCCrTTTCCACCT6TCTGAASTCAGTCTCTTTCTCTAAACBTC6AAMT6AT 4080

66AA6C46ASAA6TA6CATB6CA6CA666TCCCAAACC TCCAT66T ETBA4TA6CCAcCCATACCT6CA6 rTTA668A6A6CA6 TCAT6BCAAACCTBsCCCT6CAT C T T6AA6SA6SA 4200

A6SCT66T6CtT66CCT6TTCTTCTCAB66T66BAAn6CAACA6TTTr6CT6CTTAGCAS6A6ACT66GARAAT66CT6TCAGTCTASTACT66TT8CACA6CATB-AACCT6A666TC 4320
920



Sequence and structure of the mouse int-2 gene

ICbbbLRLRbbRTbRbL1LCbbAbJLCCTLLRJ1TLfLICbRLLIbRTbbITbTIbALAARARARLTRLL 1bLL1Cb bUbI1IRbLITbLITbLRbAbATIbbbLIbbI6b6T1CA I IOTALC

CTACb1TbILLIRLbRLA IIbLRbALCbbCLLLRbTCILi IiLAbLICbLIbbLTITbbIbIIRbbLLLI ILLIbfbRLLbibCAATCTbbbCIAbiLTCbblIbLbIATA bbL1bLIT

CLLLRbLTAAHJAALLIRb IRALLL ILLALL RI 1LCEILLRLL IbLL b1 1 LRbLLRLJ LRLLRLMLRJ LLATR 1LMIATCT LLMLbMLMLMLLMbLI LLMbLLMGCALL LLCLM lb

UATC*CIACAACKAIAITSTABTM ITNMUIAUTIATWUU ACAATAATATICTTECECYTAMWWCACAITMTC EMNICAOC CUAECACTUT
AspH sTyrAsnAla6luCys6l uPheVal 1 uArg l }HieKs6l uLeuSIyTyrAsnThr TyrAI SerArgLeuTyrArgThrGIySerSerGI yProSI yAlaGlnAr GlnProGl y

EECAl ALCTTUI AC T MUr T I T ITIZWUBTBTg UA E-MUAETi
A] a61nArgProTrpTyrValSerYalAsnilyLys6lyArgProArgArg6lyPheLysThrArgArgThr6lnLysSerSerLeuiPheLuuPrcArgYValLeu6l yHisLysAspHis

UITUTKCWTSCTUCAIAST _ _ __ _ATCATI TA IM
GluMetValArgLeuLeuGlnSerSer8InProArgAI aPro6l y6IuGI ySer6lnProArg6l nArgArg6lnLysLys6lnSerProBG yAspHis6l yLyuKet6luThrLuuSer

CIASUWWCCTICW-AATACAISTW UCTPKTU cC EC T1ifMKACTCTl AAC
ThrArgAlaThrProSerThrBlnLeuHisThr6ly6lyLeuAlaValAIa U

CC I MACCCTECTIIICTItt----- ATCCTTACAICTTCMASLWSTKCASCTCSMCCTUSAlU

AITCMMTATUTIUTTACAIMIAISITTCTTATTIAIICAMCATIWTCAUTCCIICAACC _TAC_TNM

cATCTcIWnTICMe_6TCAUCTSTWTITI CTTATSTCIAMTAMCACMAWTUTSTBT

WUTITSTrinATTCCTUALTUTBTSTUIICTEACcCTCTAmTTTWKCCTICCTCTIScSccCTECTCCTB

CNCTTMTCISTATCTCTBTATUBAAMT9TCTCAEcCTcUIAT*CTTATITTCAAMCMT8UT
UNATSTMnsMT _ _ _ TCTdTuTuTgCTTmgTCuTUCTTCACCTOgcB TTI

_-- gtccrTTCATITMTACAITTCMCTATCTACCAMB=TTBCTTMACtMIeAAMTTTTTRAMTTTrThTmATMT*A1WMAnMT

IMIU ICKAIIIINCMETTTrTTTT TAUATTCAUITTC

MMCAECUINIIAT3TWIZTUUUCIMIICUS6ICACCTIM ATBTSANT78IaMITATTTGTTTCBTTTBTT6TTTT

BTTCTCSC6T6TBTGTTTBTBTG6ATCT6TTT6T T TTTT6T6T6T6ETICAT6CTAGAATAAATCTSATCTAGAACATBACCACACAAACCATTAACCACACCCCAA

66CAGCT6T6ACAT1TTTT6CCA6CTTcCCCTASCACCATA6TACCA6 6TATT666TAAC CCTAAAAA ABA6ACCCC6TAATSC A6A66ABT66B66666666AGCA6TCAACTCCCA6AC

TCAAA6TCATC CAA66AAAAT TCTJ66ATCTTT 6TAGTTCAA6 CTAGC CT6CCTATATA6AGAATT C
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Fig. 2. The sequence of the mouse int-2 genomic DNA, cDNA and predicted protein product. The sequence is presented of 7869 bases of BALB/c mouse
DNA extending between a BamHI site and EcoRI site in the int-2 locus (see Figure 1). The DNA sequence was determined on both strands by M13 cloning
and chain termination procedures. Shaded sections correspond to the sequences contained in cDNA clones Cl, C2 and C3 (Figure 3). The predicted amino
acid sequence of a potential int-2 protein is shown below the relevant segments of cDNA. The symbols A identify the position of the solo MMTV LTR in
tumour W26 DNA and delineate the six-base duplication observed in the genomic sequence in this tumour. * identifies the presumed initiator methionine
codon, U the TGA stop codon and 0 a potential asparagine-linked glycosylation site. The presumed polyadenylation signal AATACA (nucleotides
7482-7487) is boxed.
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TCCASCACCCATBTATCAAABCCASSATAAASTSTSSTCATCCCABOSCAGGGSBASSABSCAGGATBGCTTTTGOSSTTCCCCABCTAACCTASCTSAATTGBCCTCCACOCTCCTGBA

TSEECACAGGSAASAACATGATSBGGGGEATGCCTGTGC7CTETTGGETTEAGSGGAGEAGGGATGATSAGGTEASSRGTCCCACTGGTTBSAGTAGAACTTTCCAGATAACCCATCAGG

ATBACASTCTSTCCATTCATTSTCTATCATCCATCCATCCATCTATCCACCCATCTACTCA6CCTGCCATCTATCCACCCACCTACACACTCASTCATCTACCCACACCTCCATCTATAC

ACTCSTTCATACSTCCCAACCTATCATCCATCCATCTATCCACCCATSTACCATCCTTACACCCAATTATCTAACCACTGATACATTTATTTOTETATCCACCTACACASTCACTCACCC

BACASTSBCABSTSTBOACTBCTSBTCCASBCASEETTABBASAAASSBABSCATTGGBBAGATGTAGCCCCATTGACATCATSBCTECAABGCTGTTGACTBTBBCTTCTSTCTCACAS

iiiiicivuTTCACKATT IKT MAACTMTAITCT

TATATIAM LWT -----.--.--TCTCCABKABMAACCCTAABACOM
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Fig. 3. Topography of the int-2 locus and cDNA clones from tumour W26.
A diagramatic representation of the proposed exon structure (stippled boxes)
of the int-2 gene is shown superimposed on the linear map of sequenced
genomic DNA in which the cleavage sites for BamHI (B), EcoRI (E) and
KpnI (K) are indicated. The position of the MMTV LTR is shown, together
with the portion of LTR sequences (cross-hatched) normally transcribed at
the 5' end of viral RNA. The proposed structure of the major int-2
transcript in tumour W26 therefore comprises 133 nucleotides from the
LTR, 364 nucleotides of genomic DNA whose designation as intron or exon
remains uncertain, and the three blocks of exon sequence represented in the
Cl, C2 and C3 clones. The approximate extents of these cDNAs are
indicated by the bold lines.

We have previously established the existence of the int-2 region
by showing that > 50% of the mammary tumours arising in BR6
mice contain an acquired MMTV provirus integrated within a
defined 25-kb domain ofDNA on mouse chromosome 7 (Dickson
et al., 1984; Peters et al., 1983). Integration can occur at many
different sites within this region, but the distribution and transcrip-
tional orientation of the proviruses detected in different tumours
is non-random, generally falling into two oppositely oriented
clusters separated by a region of DNA which is transcriptional-
ly active in these tumours (Dickson et al., 1984). Working on
the premise that this region of DNA must contain a cellular gene
and that it may represent a potentially novel oncogene, we under-
took its complete structural characterization. Here we report the
sequence of - 8 kb of cellular DNA spanning the locus, the isola-
tion of cDNA clones and the predicted amino acid sequence of
a protein encoded by the int-2 gene.

Results
DNA sequence of the mouse int-2 locus
In a previous report, we employed RNA blot hybridisation to
establish the approximate limits of the int-2 transcription unit as
expressed in tumours bearing an MMTV provirus within the int-2
domain (Dickson et al., 1984). Such analyses suggested that RNA
was transcribed from sequences within an - 8-kb segment of
chromosomal DNA as depicted by the bold line in Figure la.
As a first step in the more detailed characterisation of the locus,
we determined the sequence of this stretch of genomic DNA.
A series of overlapping bacteriophage clones had been recovered
from libraries of BALB/c mouse DNA and the region of interest
was present in a continuous insert in one such clone, X3.
However, to facilitate the initial phases of the sequencing, the
DNA was subdivided into suitably sized pieces by digestion with
either SacI, EcoRI or BamHI. These segments were randomly

fragmented by sonication or partial digestion with DNase I, blunt-
ended, and ligated into the M13 mp8 or mp9 vectors (Messing
and Vieira, 1982). In some instances, specific restriction
fragments were cloned to generate sequence overlaps or to clarify
regions which proved refractory to random cloning. All sequences
were determined using dideoxynucleotide chain termination
methods (Bankier and Barrell, 1983). In this way, a continuous
sequence of 7869 bases was established for both DNA strands
(Figure 2).
cDNA cloning of int-2 RNA
To establish the detailed architecture of the int-2 gene, two
avenues were open to use: to determine the intron -exon boun-
daries by S1 mapping or to isolate cDNA clones. Both of these
strategies were likely to be compromised by the low levels of
int-2 RNA obtainable, estimated to be of the order of 10 copies
per cell in primary tumours and not detectable in normal tissues
(Dickson et al., 1984). At the inception of these studies, the most
abundant source of int-2 RNA was a particular BR6 mouse mam-

mary tumour, designated W26, which not only expressed higher
levels of int-2 than other tumours then available, but maintained
these levels after transplantation into syngeneic mice. The prob-
able reason for elevated transcription became apparent when
DNA from tumour W26 was subjected to detailed Southem blot-
ting analysis (Figure lb). A discontinuity in one of the two int-2
alleles was found to be consistent with the presence of a single
MMTV long terminal repeat (LTR) in what is presumed to be
a promoter insertion mode. This has subsequently been verified
by cloning the appropriate 11.3-kb EcoRl fragment (indicated
c< in Figure lb) and sequencing through the LTR to establish
both its orientation and precise location relative to the genomic
DNA sequence (Figure 2 and data not shown). A duplication
of 6 bp of cellular DNA was generated at the site of insertion
as previously reported for the integration of complete MMTV
proviruses (Majors and Varmus, 1981).
The predominant int-2 transcript in tumour W26 was a 3.1-kb

species (Figure Ic) though several other species were also detec-
table. Complementary DNA was prepared from W26 polyadenyl-
ated RNA, primed with oligo(dT), and introduced by
conventional procedures into the PstI site of the pUC9 plasmid
vector. From - 105 colonies screened using an int-2 f probe,
six positive recombinants were identified, the longest of which,
designated Cl and C2, had cDNA inserts of 1.5 and 2.0 kb,
respectively. Both these inserts were excised from the plasmid
and sequenced via a combination of random and directed M13
clones. The sequence of Cl could be readily aligned with that
of genomic DNA from nucleotides 5983 to 7508, at which point
the cDNA contained a stretch of A residues, presumably deriv-
ed from the poly(A) tract at the 3' end of the mRNA. A variant
polyadenylation signal, AATACA, located 20 bases upstream
of the poly(A) tract, is consistent with this interpretation (Figure
2). Clone C2 on the other hand terminated 46 bases from the
poly(A) tract but extended the homology with genomic DNA to
map position 5641. In addition, C2 showed two further blocks
of homology with the chromosomal sequence, from nucleotides
1953 to 1993 and 3737 to 3840 (see Figure 3). Since the points
of discontinuity between the genomic and cDNA sequences were
consistent with the consensus signals for splice donor and ac-

ceptor sites, we concluded that the 2 kb ofmRNA encompassed
by C1 and C2 was derived from three discrete exons.
To obtain more information on sequences 5' of the C2 clone,

a second library was constructed by priming cDNA synthesis
from a synthetic oligonucleotide corresponding to the final 18
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bases of the small exon (nucleotides 3823-3840). This oligo-
nucleotide was chosen because of its proximity to a unique KpnI
site which would facilitate reconstruction of cDNA sequences
from different clones (Figure 3). Screening with the int-2 c probe
identified four positive recombinants, all of which began at the
expected primer site and excluded the intron sequences between
nucleotides 1994 and 3736. The longest of these cDNA clones,
designated C3, extended the cDNA sequence a further 506 bases
upstream of C2 with no further discontinuities relative to genomic
DNA.
Presence of a long open reading frame in the int-2 cDNA se-
quence
Although the cDNA clones obtained did not extend to the precise
5' end of the major int-2 RNA transcript, the composite sequence
from C 1, C2 and C3 was examined for protein coding potential.
A single long open reading frame was identified, beginning at
a methoinine codon at position 1774 in the 5' exon and ter-
minating at a TGA codon at position 6052 in the 3' exon (Figure
2). The continuous stretch of 735 bases in-frame would code for
a 245-amino acid product with an estimated mol. wt of 27 000
daltons. The predicted sequence of this protein is shown aligned
with the DNA sequence in Figure 2.

Discussion
The continuous int-2 cDNA sequence reconstructed from the C 1,
C2 and C3 clones spans -2.5 kb of an RNA believed to repre-
sent the major 3.1-kb transcript in tumour W26. Assuming that
poly(A) at the 3' end could contribute a further 150-200 nucleo-
tides, we can predict the nature of the remaining sequences with
some confidence. The single MMTV LTR in W26 tumour DNA
is located 364 nucleotides upstream of the 5' end of the cDNA
sequence, and preliminary data from primer extension analyses
are consistent with a major transcription start site at the known
MMTV promoter 133 nucleotides into the LTR (Majors and Var-
mus, 1981). Predictably, tumour W26 expresses hybrid mRNAs,
comprising both MMTV LTR and int-2 sequences, as
demonstrated by sandwich blotting techniques (data not shown;
Payne et al., 1982). We therefore conclude that the major int-2
RNA transcript expressed in this tumour initiates within the LTR,
extends continuously through the three exons defined by cDNA
cloning, and terminates at the polyadenylation site defined by
the end of clone Cl (Figure 3).
An RNA with this structure would have an estimated size of

-3.1 kb, in close agreement with predictions from Northern
blotting analysis (Figure 1). Based on a theoretical translation
of these sequences, the longest open reading frame identified is
only 735 nucleotides, made up of 220, 104 and 411 nucleotides,
respectively from each of the three exons (Figure 2). The poten-
tial product of translation would be a relatively basic protein with
a calculated mol. wt of 27 000 daltons. Neither the amino acid
nor the nucleic acid sequences appear related to any previously
characterised entry in the available data bases (EMBL and GEN-
BANK). Nevertheless, some aspects of the primary amino acid
sequence are worthy of comment: a high proportion of arginine
and lysine residues, frequently in pairs or clusters, only two cys-
teine residues, a single potential asparagine-linked glycosylation
site and a hydrophobic amino terminus (Figure 2). However, it
is debatable whether the hydrophobic domain is extensive enough
to serve as a transmembrane signal sequence (Watson, 1984).
Resolution of such issues awaits the preparation of int-2-specific
antisera, raised against either synthetic peptides or bacterially ex-

pressed products, and experiments are in progress along these
lines.

Although many of the details of int-2 gene expression are yet
to be resolved, the cDNA structure and predictions regarding
a potential product are consistent with some additional observa-
tions on the locus. The most compelling is that while several
MMTV proviruses have now been mapped within what appear
to be 5'- and 3'-untranslated regions leading to abnormally ter-
minated RNA transcripts (Figure la and data not shown) in no
case does a provirus interrupt the protein coding domain. We
would argue therefore that the integrity of the product may be
essential for tumorigenicity, athough we cannot at this stage ex-
clude point mutations or small alterations. Two single base
changes were observed between the genomic and cDNA se-
quences (not shown) but these were presumed to reflect either
strain differences (BALB/c versus BR6) or cloning artifacts. At
the gross level therefore, activation of int-2 does not require the
formation of a truncated product, as described for example in
the insertional mutagenesis of erb-B and myb (Nilsen et al., 1985;
Shen-Ong et al., 1984).
The assignment of the initiator methionine codon at nucleotide

1774 was based on a number of considerations. In the first place,
other potential initiator codons in the genomic DNA sequence
upstream of this ATG are followed by stop codons in all three
reading frames; secondly, the DNA sequence in this region in-
cludes substantial CT and GC-rich elements which would be unusual
in a coding domain; and thirdly, one example of provirus inser-
tion maps even closer to the proposed initiation site than the solo
LTR (see Figure la). However, while tumour W26 was chosen
to facilitate cDNA cloning, it does represent an unusual situa-
tion and we cannot exclude the possibility that proviruses in-
tegrated in a promoter insertion mode may have created
pseudo-exon sequences by subverting the normal RNA splicing
patterns.

If additional exon sequences do exist 5' of the LTR in tumour
W26, they are almost certainly included within the genomic DNA
sequenced in this study. As illustrated in Figure la, there is a
rather sharp cut off in the mapped positions of proviruses in the
so-called 'enhancer mode', in the opposite orientation to that of
the int-2 gene. Since all of these insertions lead to expression
of the same int-2 RNA transcripts, the proviruses presumably
act on the same transcriptional control elements. However, it is
now clear that these tumours express several discrete int-2
transcripts, raising the possibility of alternative start sites.
Although there are no obvious TATA boxes, other sequence
motifs, such as GC-rich clusters could conceivably serve this
function (Melton et al., 1984; Reynolds et al., 1984). With hind-
sight, therefore, the choice of tumour W26 with a single predomi-
nant start site in the MMTV LTR may have been advantageous
in simplifying the pattern of cDNA clones expected.
Other opportunities exist for creating multiple RNA transcripts,

such as alternate exon usage, or alternate usage of polyadenyla-
tion sites. The AATACA sequence identified here is a rare but
apparently functional variant of the consensus (Mason et al.,
1985) but no obvious alternative is apparent in > 1.5 kb
downstream of the int-2 termination codon. However, the situa-
tion is further confused by the finding that the choice of probe
can have a bearing on the pattern of int-2 transcripts observed.
At present, we have insufficient information to provide a satisfac-
tory explanation. By using primer extension analyses to define
the 5' ends of the various messages and by identifying a source
of int-2 RNA in which the normal gene is expressed without the
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influence of an MMTV provirus, we hope to establish a more
detailed rationale for the control of mouse int-2 gene expression.

Materials and methods
Analysis of mammary tumour DNA
The methods employed in the extraction of high mol. wt DNA, its analysis by
restriction enzyme digestion and gel electrophoresis, and conditions for hybridiza-
tion and washing of Southern blots have been described in detail in previous
publications (Peters et al., 1983). Cloned restriction fragments derived by diges-
tion of int-2 DNA with EcoRI and SacI were used as hybridization probes,
designated a-h in Figure 1. Alternatively, MMTV-specific sequences were
visualized using a 1.4-kb PstI fragment encompassing the proviral LTR. Probes
were labeled by nick translation with [a-32P]dCTP (Amersham).
Extraction and analysis of mammary tumour RNA
Total RNA was extracted from frozen tumour tissue by homogenization in
guanidine thiocyanate and centrifugation through CsCl (Chirgwin et al., 1979).
The polyadenylated RNA fraction was recovered by affinity chromatography on
poly(U)-Sepharose as previously described (Dickson et al., 1984). Northern
blotting analysis was performed on 5 yg aliquots, resolved by electrophoresis
through formaldehyde-agarose gels and transferred to nitrocellulose in 20 x SSC
(Thomas, 1980). Conditions for hybridization and washing of filters were as for
DNA blots, except that hybridization was at 50°C in 50% formamide.
M13 cloning and DNA sequencing
The procedures used for cloning into M13 vectors and DNA sequencing by the
dideoxynucleotide chain termination method were as described by Bankier and
Barrell (1983). Essentially, purified DNA fragments were self-ligated to form
concatemers, randomly cleaved by sonication or partial digestion with DNaseI
to generate pieces of between 50 and 500 bp, and blunt ended by repairing the
ends with T4 DNA polymerase. Size-selected fragments of 200-400 nucleo-
tides in length were then ligated into the SmaI site of the M13 mp8 or mp9 vec-
tors. Alternatively, specific restriction fragments or DNA cleaved by combinations
of frequent cutter restriction enzymes were cloned into appropriate sites in the
vectors. Recombinant phage plaques were propagated on Escherichia coli JM101
and single-stranded DNA extracted from the progeny phage by conventional pro-
cedures. DNA synthesis was primed from a synthetic 15 nucleotide primer (BRL
Laboratories) using [35S]dATP (Amersham) as labeled precursor. Sequences were
compiled using the DBUTIL programme (Staden, 1980) and subsequently com-
pared with both the EMBL and GENBANK data-bases.
cDNA cloning of mammary tumour RNA
Approximately 10 jig of polyadenylated RNA from tumour W26 was used to
direct oligo(dT)-primed complementary DNA synthesis using the conditions
described by Gubler and Hoffmann (1983). Following treatment of the
RNA-DNA hybrid with RNase H, the second DNA strand was synthesized us-
ing a combination of DNA polymerase I and reverse transcriptase. Double-stranded
DNA products of appropriate length were isolated by preparative gel electrophoresis
and introduced into the PstI site of the plasmid vector pUC8 by G-C tailing.
Approximately 15-20 dG residues were added to the synthetic DNA and a com-
parable number of dC residues to the vector using terminal transferase. The recom-
binant plasmids were then used to transform competent E. coli DH 1. The
transformation efficiency was estimated at 5 x 107 colonies peryg of DNA for
supercoiled plasmid DNA. Approximately 105 recombinant colonies were screened
by hybridization of int-2-specific probes, essentially as described by Grunstein
and Hogness (1975).
A second cDNA library was constructed in which a synthetic oligonucleotide

(nucleotides 3823-3840 in Figure 2) was used as a primer. Conditions were
otherwise the same except that the int-2 c probe was used in order to identify
clones extending towards the 5' end of the gene. DNA from positive cDNA clones
was characterised by restriction enzyme mapping and selected fragments were
subjected to both random and directed M 13 cloning and DNA sequencing as
described above.
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