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ABSTRArT
The genane of Kirsten murine sarcana virus was formed by recrchbination

between Kirsten mrine leukaania virus sequences, and rat sequences derived
fran a retrovirus-like '30S' (VL30) genetic element encxmpassing the Kras on-
cogene. Using cloned DNAs we have deti the nucleotide sequences of the
long tenninal repeats and adjacent regions, extending across the points of
reccmbination on the saroma and leukaemia virus genomes. Our results
suggest that discrete regions of hlomlogy and other cryptic sequence feat-
ures, may have constituted recambinational hot-spots involved in the genesis
of the Kirsten nurine sarcama virus genom. We have also cmpared the
sequence of the Kirsten murine leukaemia virus p15 env and adjacent long
terminal repeat with the oorresponding regions of the AKV and Gross A umrine
leukaemia virus genames. This comparison has identified a leukaemogenic de-
terminant in the U3 damain of the long terminal repeat, possibly within a en-
hancer-like sequence eleaent.

INTRODUCTICN
Kirsten murine leukaemia virus (KiMLV) is a chronic leukaemia virus

which induces lymhpmas in rodents (1,2). These neoplasms are indistinguish-
able fran those caused by another murine leukaemia virus, Gross passage A MLV

(1). In carn with all other chronic leukaania viruses the genanes of these

agents do not contain an aquired cellular oncogene (3). The mechanism of

tumourigenesis by this type of cncovirus is not clearly understood (4).

Kirsten nrurine sarccma virus (KiMSV) was generated during the replica-

tion of KiMLV in rats (1). In oontrast to KiMEV, KiMSV is an acute trans-

forming virus and is able to rapidly induce tumours in rodents.

Extensive analysis of the KiMSV genane has shown that it arose as a re-

sult of recarbination between parental KiMILV sequeces and two distinct kinds

of rat sequence: the 'Kras' proto-ncoxgene(conferring the increased onco-

genicity of the virus) and a anFber of a class of endogenous, retrovirus-
like genetic elaeents tenried virus-like 30S (VL30) (5,6,7). The Kras oncogene
is flanked by VL30 sequens within the KiMSV genane and together the two rat

derived cacponents account for about 5.0 kbp. of the 6.5 kbp. proviral D'A
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(6,7). A similar tripartite structure is also found in the genare of the
closely related Harvey murine sarooma virus (HaMSV) (6). KiI4SV and HaMSV were

generated independently on infection of rats with chronic nmrine leukaemia
viruses (MVLs). This suggests that the VL30, ras proto-oncogene andI MLV pro-

genitors possess some special feature(s) which facilitated the recxbination-
al events involved in the genesis of the Kirsten and. Harvey sarooma viruses.

We have previously determined the location of KiMLV derived sequences on

the KiMSV proviral IE by restriction mapping and hybridization studies
(7,8). This analysis showed that the parental leukaania virus contributed
the 0.5 kbp. long tenminal repeats (LRs) and an additional short sequence
contiguous with the 3' LTR, to the KiMSV genane. In addition, we have re-

cently reported the characterization and cloning of the KiMLV genare (9).
During the latter study a cuparison of restriction maps revealed that the
KiMLV gename possesses a 3' located region (enocpasing the LTR and adjacent
p15 env coding sequence) very similar to that known to be responsible for the
leukaemogenic potential of the Gross M4LV (9,10).

In this report we describe the results of a sequence analysis of the
KiMLV and KiMSV genaTes, undertaken in order to investigate the molecular
bases of two distinct biological processes. Firstly, information has been
obtained concening the nature of the reccrbinaticn events that occurred be-
tween rat VL30 and MLV sequences during the genesis of the KiMSV genui.
Secondly, we have detened the nucltide sequence of the KiMLV genre in
the region harbouring presuitive leukaemogenic deteminants, in order to
identify conserved sequence elmuents iplicated in tumourigenesis.

MATERIALS AND METE6DS
KiMSV DEM that had been cloned at the unique Barn HI site on circular,

In vivo synthesized DM (clone KCC7 - ref. 7) was excised fran the vector

pAT153. The sub-genamic clones of KiMLV DiA (9) cP2 and cB3 were also excis-
ed fram the vector pTl53 DM by digestion with Pst I and Bam HI respective-
ly. Digestion with restriction enzynes (btained fran New England Biolabs)
was perfcred under conditins rec ded by the suppliers. After prepara-
tive agarose gel electrophoresis (11) various restriction fragments were
ligated into the vectors M13 mp8 or M13 mp9 (12) and cloned by transformation
of ccrpetent E. coli 3M103 cells. In sane instances synthetic Barn HI linkers
(Collabrative .Research Laboratories) were used to facilitate insertion of
blunt-eed fragnts. Positive plaques (clear) were identified after plat-
ing on Xgal agar plates and single stranded terplate DE was prepared as
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Fig. 1 Restriction maps of KiMILV and KiMSV unintegrated proviral ENAs show-
ing the structures of recarbinant clones and the nucleotide sequencing strat-
egy. Physical maps are shown in the 5'-3' orientation with respect to viral
IN and are redrawn fran refs. 7,9. The open boxes represent the LTRs and
the solid black bars indicate the approximate location of KiMLV-derived se-
quences on the KiMSV gencme. Arrows show the direction and extent of se-
quence analysis cmrrencing fran restriction sites indicated by dots. Rest-
riction site abrevations: P-Pst 1, K=KpnI, Sm7=naI, Pv,.PvuII, XbaI, S=SacI,
B=Bam HI, SL=SalI, X=XhoI, E=Eco RI, H=HindIII, Bg-BglII, BL=BalI.

described elsewhere (13).
A universal 15 nucleotide primer (New England Biolabs) was used with the

dideoxy chain termination method of Sanger et al. (14) to determine the

sequence of M13 template inserts. Dideoxy reaction products were run on 80

cm or 40 cn polyacrylamide sequencing gels of either 4.5% or 3% nonaier con-

centration, containing 8M urea. Gels were made up and run in standard O. M

Tris borate buffer (pH 8.3), 2nM EMMr.

RESULTS
Fig. 1 shows the restriction maps of KiMLV and KiMSV and the approximate

locations of KiILV-derived sequences on the KiMSV genrne. An approximately
1.5 kb region was sequenced on the circularly permuted clone, KCC7 (fig. 1)

in order to determine the sequences of the LTR, aind the KtiMLV-rat VL30
recrmbinational boundaies. The corresponding sequence of KiMLV DNA was det-

ermined using clones P2 (LTR and 5' reccrbination point) and B3 (p15 env cod-

ing region and 3' reccrbination point).
p15 env s ce and 3' reccbination point

The nucleotide sequences of the p15 env region of KiMLV and the corres-

ponding region in KiMSV are sham in fig. 2. In the hcmlogous region the

sequences are very similar, differences are confined to a few scattered base
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-20 COOgp7OI NH2-p15E 2.0 * 6*0

KIMLV AGACGAGCCAGATATAMGACCCGTCTCACTAACTCTGGCCCTACTATTAGGAGGACTCACTATGGGCGGMTTGCC

KIMSV GACCTTGGTGTGTAGGMAGATAGTGTCCAGATTAGAATCCTGATGCTAAAAAAAAATTACTTAAGGCTATCTAGGTGCT
80 100 120 140

KIMLV GCTGGAGTGGGAACAGGGACTACCGCCCTAGTGGCCACTCAGCAGTTCCAACAACTCCAGGCTGCCATACACGATGACCT

KiMSV ACGAGGCAACACAAGGACATCTCCATTGCCCTACAATACAAGGmATAGAAAATTCCAGAACCTGCCATTGACTCAGAT
160 180 200 220

KiMLV TAAAGAAGTTGAAMGTCCATCACTAATCTAGAAAAATCTGACCTCCTTGTCCGAAGTAGTGTTACAGMTCGTAGAG

KiMSV ATAAMAAGAGTGAAAGACTTTTTAGCTGACCTCCAAGGATACCTAACCTCCCTCTCAGAGGTAGTCCTTCAGAATAGGA
240 260 280 3q0

KiMLV GCCTAGATCTACTATTCCTAAAAGAGGGAGG TGTGCTGCCTTAAAAGAAGAATGCTG CTATGCCGACCACACA
1iii III I AAGAATGCTGT ..'''''''''''''G

KiMSV GAAGATTAGACCTGATATTCCTTAAACAAGGAA TGTG-TGCTACACTGA
320 340 36o 380

KiMLV GGATTGGTACGGGATAGCATGGCCAAACTTAGAGAAAGATTGAGTCAGAGACAAAAGCTCTMTGAATCCCAACAAGGGTG
KIMSV *, ii ii,. *ulu, ls1111111 II llS 111III 'A'll II IlllllllAlll111111'AC' II

400 420 440 460

KiMLV GMGAAGGGCTGMAATAAGTCCCCTTGGTTCACCACCCTGATATCCACCGTCATGGGTCCCCTGATAATCCTCTTGt

480 500 520 540

KiMLV TAATTTTACTCTMTGGGCCTTGTATTCTCAATCGCCTGGTCCAGTTTATCAAAGACAGGATMTCGGTAGtGCAGGCCCT6
KiMSV lillIllllIl 1111 11 lltlIlllllllll liltlul 111111111.......11111 II 11.111 11.....1.

560 580 END 600 620
KiMLV GTTCTGACTCMCAATATCATCAACTTAAGACAATAGGAGATTAAATAAAAGATM11ATtCAGmACAGAAAGAGGGGG
KiMSV , , ,,, ,,,,,,,,,,,,, ,,,,,A,, 16 1 111 11.. . ...... ....

I. R.
KIMLV GAAAGACCC LTR
KiMSV I

Fig. 2 Nucleotide sequence of the KiMEV p15 env coding region carpared with
the corresponding region of KiMSV DNA. The gp7O-pl5 env boundary was ident-
ified by carparison with that in AKV MLV (15). Nucleotides are numbered
starting at the first positicn in the pl5E coding sequence. The region
around the 31 recarbinaticn point is shown boxed in. The horizontal dash
indicates the absence of a nucleotide at that position. Vertical dashes
indicate that the nucleotide in KiMSV is identical to that shown for the same
position in KiMLV. I.R.=Inverted repeat bounding the 31 LTR.

changes. This sequence conservation allows the identification of the

approximate point where KiMEV and rat VL30 progenitors recacnbined in the gen-

eration of the KiMSV genane. The sequen around the reccrbination point is

sham boxed in fig. 2. Essentially carplete harology is evident fran posi-

tion 272 (amino acid position 92 in p15 env - fig. 3) to the 3' end. By con-
trast the two genanes are divergent in sequence upstream fran position 271.
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However sae limited hanology occurs i diately 5' of position 272 and even
further upstrean we note an overall similarity in sequence between the tw
genares.

The nucleotide and deduced amino acid sequence of the p15 env protein
of KiMLV is shown in fig. 3, ccmpared to the corresponding regions of the AKV
and Gross A MLVs (10,15). The KiMLV sequences appear to be very similar to

those of the other two viruses, which is consistent with our previous cbser-
vations (9). However the carboxy tenrinus of the KiMEV p15 env is truncated
by 5 amino acids and there is insertion of a short nucleotide sequence after
the termination codon relative to the AKV? and Gross A sequences.
LTR sequence and 5' reccbination point

The sequence of the KiMLV LTR and adjacent dcwnstream region is shown
in fig. 4 along with the corresponding sequences of KiMSV', AKV MLV and Gross
A MLV. As with the p15 env coding region, the KiMEV LTR is very similar to

both the AKV and Gross A sequences. The AKV LTR has only 11 single nucleo-
tide changes as ccxnpared to KiMLV, but does acntain an additional copy of a
99 bp. sequence arranged as a tanden direct repeat. The Gross A LTR shows
15 nucleotide changes fran the KiMEV sequence and has a 36 nucleotide insert
not found in KiMLV. These close sequence similarities have allowed us to

confidently identify various KiMLV and KiMSV sequence elements important in
retroviral reverse transcription, integration and expression (reviewed in

ref. 18). These elements are listed in table 1 and sane of the more import-
ant landarks are also depicted in fig. 4.

The LTR of KiMSV has only 5 nucleotides which differ fran those in the

LTR of its progenitor KiMLV. Downstream fran the LTR the KiMSV and KiMrV

genares also have both a tRPN priner binding site and a donor splice site

in camron. l diately following the donor splice site however, the two

sequences begin to diverge. As with the 3' reccrbination point a region of

interrupted hImlogy (sbm boxed in fig. 4) occurs between the harologous
and nonhamologous regions. In addition YSa4LV and KiMSV sequences further

downstream (approximately as far as position 1252) while not hamologous, do

sbom an overall similarity to each other. The entire region of sequence on

both genaoes extending fran the donor splice site downstream to position 1262
is noteworthy for its low A content. Furthernmre there is also a high re-

presentation of ITG dinucleotide tracts in these sequences. In KiMLV a 12

nucleotide long tract of TG residues occupies positions 1251-1262. This kind
of sequence is found in eukaryotic genames (19,20) where it is highly repeat-
ed and often flanked by the pentanucleotide TGICT (20,21). We note that this
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_coa"_70 1 1 5

A ALA ARs TYR LYs LYSGLuPo VAL SER LEU THR LEU LA LEU LEULEU GLY GLY 13
KiRLV A CGA6CC MA TAT A AAAM 6M CCC GTC TCA CTA ACT CT6 6CC CTACTA TTA 66A 66A 39

LYS An
AKV LV A 6

LEu THm 1ET 6LY 6LY ILE ALA AA 6LY VAL 6LY THR GLY THR THR A LEU VAL ALA THR 33
KiNLV CTC ACT AT6 66C 66 ATT 6CC 6CT 66A 6T6 66 ACA 666 ACT ACC 6CC CTA 6T6 6CCACT 99

AKNLV'

GROSS A
NLV

6Le6LN PHe 6LI GLN LEU 6LN A AA IL HS AsP AP LEU LYS 6LU VAL 6Lu LYs SER 53
KtNLV CA6 CM6 TTC CAA CAA CTC CA6 6CT 6CC ATA CAC SAT 6AC C AAA AA 6TT 6AA AM TCC 159

NET
AKVYLV 6

MET 6LG
VRWSSA ' ' ' ' ' ' ' ' ' 65
IQLV

IL THR AN LEU GLU LYs SER LEU THi SER LEU SER 6W VAL VAL LEU Lk AsNARG Ai 73
KiNLV ATC ACT MT CTA 6 AAA TCT T6 ACC TCC TT6 TCC 6AA TA 6T6 TTA C6 MT C6rTMA 219

AKIALVA
LEU ARn

6POSSA A T 66
"LV

6LY LEU AsP LEU LEU PHE LEU LYs 6Lu 6LY 6LY LEU CYS ALA A LEU LYS 6LU 6LU CYS 93
KINLV 66C CTA 6AT CTA CTATTC CTA AAAS6 A666 66T TT6 TT 6CT 6CC TTAAAAM6A 6A T6C 279

AKVLV.

6ROSS A
NLV

LYS PHE TYR AAAsP HIS IHR 6LY LEU VAL A Asp SERMET LA LYS LEU AR6 L A 113
KiNLV TGT TTC TAT 6CC 6AC CAC ACA 66A TTG 6TA C66 SAT AMC ATG 6CC AAA CT MA 6M MA 339
AKV LVA

6ROSS A ARS
iLV A

LEU SER 6LI ARS L LYS LEU PHE hU SER 6LI GLN GLY TRP PHE Lu 6LY LEU PHE AsN 133
KiNLV TT6 KAT CA6 CMAMGCTC m 6M TCC CM CAA 666 T66 m MGA 666 CT6 m MT 399

AKVLV*

6ROSSA^
"LV

LYs SER PNO TRP PHE TR TR LEU ILE SER THR VAL NET GLY PRO LEU ILE ILE LEU LEU 153
KiNLV AM TCC CCT T66 TTC ACC ACC CT6 ATA TCC ACC 6TC ATG 66T CCC CTG ATA ATC CTC TT6 459

ILE
AKV ALV A

ILE
6ROSSA AA

ALV

LEU ILE LEU LEU PHE 6LY PR CYS ILE LEU ARS LEU VAL 6L PHE ILE LYs ASP ARG 173
KiMLV TTA ATT TTA CTC m 666 CCT T6T ATT CTC MT C6C CT6 6TC CA6 m ATC AM AC A66 519

AKV NLV

ROSS A HIS , , ASI
NLV A A

ILESER VAL VAL 6L ALA LEU VAL LEU THR GLN6L TYR HIS 6LN LEU LYs THR ILE 6LY 193
KiNLV ATT TC6 6TA GTG CA6 6CC CT6 GTT CT6 ACT CM CM TAT CAT CM CMI AM ACA ATA 66A 579

6LU
AKV NLV AA

LYS
6ROSSA ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' M

"LV

Asp END I.R.
KiNLV SAT - - - - - TAMTAAAMAS ATTA1MAGTCCaI-LTR

Cys LYs SEi AR6 6u EN 534
AKV MLV TGT AAM TCA C6T MGAA --- |* l " C"" " SA"...f......}

CYs 6LU SER AR6 6LU END
6ROSS A T6T 6SA TCA C6T SM'''
NLV

6844



Nucleic Acids Research

same pentanucletide sequence occurs at positions 1227-1231, and 1239-1243

in KiMLV and at positions 1227-1231, 1232-1236, and 1241-1245 in KiMSV.

Identification of the 1eukaemogenic determinants of KiMLV

A region of the genare encampassing the p15 env and adjacent LTR

sequences has been unambiguiously identified as confering high leukaemic

potential to the Gross A MLV (10). Thus a ocmparison of this region in the

non-leukaemigenic AKV with those in the leukaemogenic Gross A and KiMLV

genames, should identify candidate determinants confering leukaemogenicity.

Within the p15 env dcmiain, DesGroseilliers et al. have previously noted

only a single position at which an amino acid is camn to the leukaemogenic

Gross A and Mbloney MLVs, but different in the nonleukaemogenic AKV (10).

This occurs at amino acid position 44 in fig. 3, where a C (nucleotide 132)

in the codon for His in AKV is replaced by a G in the leukaesmogenic virus,

resulting in a codon for Gln. However in KiMLV the codon is the same as in

AKV, implying that this position is not a leukaemgenic determinant for

either Gross A or KiMLV.
Inspection of the sequences elsewhere in the p15 env coding region does

not reveal any further differences fran AKV which are shared by both Gross

and Kirsten viruses.

Within the LTR, AKV MLV has a tandem direct repeat of 99 nucleotides.

Gross A MLV differs fran its presumptive parent in possessing only a single

copy of this sequence, which in addition is modified by a 36 nucleotide in-

sertion. Six point mutations further distinguish the two LTR sequences.

KiMLV does not possess the 36 bp. insertion nor does it share most of

the nucleotide changes with Gross A. However at nucleotide position 684,

both the Gross A and Kirsten viruses have an A residue whereas AKV MLV has a

G residue. In fact this appears to be the only difference fron AKV MLV,

common to both Gross A MLV and KiMLV within the entire region implicated in

leukaemogenicity.

DISCUSSICN

The high degree of conservation of leukaemia virus derived sequences in

the KiMSV gename, allowed the identification of the positions where recrm-

Fig. 3 Amino acid sequence of KiMLV p15 env. The sequence is carpared with
AKV MLV p15 env (15) and with the coding region of Gross A MV previously im-
plicated as harbouring leukaemogenic detenants (10). Nucleotides and
amino acids are nuibered starting at the first position in the pi5E coding
sequence. Horizontal dashes indicate the absence of codons or nucleotides,
relative to KiMV. Vertical dashes indicate a codo or nucleotide identical
to that shown for the sane position in KiMLV. I.R.=Inverted repeat.
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R 61.0 660 680 700
KIMLV MTGAAAGACM TTCATAAGGCTTAGCAAGCTAGCTGCAGTAACGCATTTTGAAGGCATGGkAMMTACCAGAGCT GA
KIMSV ''..... ......... . ; ........

AKVMLKV......V..I @v I8@CC4 ...Go .... 2.ie......... |i

GROSS A ......... ..... ;@|§e@@........ C ... 'A@2 .... ; , , , ,
MLV

720 740 760 780
KiMLV TGTTCTCAGAAAAACAAGAACAAGGAGTACAGAGAGGCT GGAAGTACCGGGACTAGGGCCAACAGGATATCTGTGGT
KIMSV " .........";I..'.";.'

D Irect repeat
AKV MLV """.".".'""""""."'"" "

GAACA,ATGGT CTCCAGACCSCTCACT GCAGTAACG
GROSS @ * @||l|@@8|@|@@@A^@.... ... .................... ......... A....... ......... ........... ....

MLV

800 820 800 *04
KiMLV CAAACACTAGGGCCCCGGCCAGGGCCAAGAACAGATGGTCCCCAGATATAGCTAAAACAACAACAGTTTCAAGAGACCCA

KIMSV .........................................................28we;8 * @,; @| @X | ;,@,,,,I. .. ..

AKV MLV X@G ... .., ,,,,;

MLV

880 900 920 990
KiMLV GAAACTGTCTCAAGGTTCCCCAGATGACCGGGGATCAACCCCAAGCCTCATTTAAACTAA CAGCTCGCTTCTCGC
KiMSV .... ..

AKVMLV ....................,,,,,,.;

GROSS AA ................ ...............................;
MLV

940 9 00 1000 1020

KiMLV TTCTGTACCCGCGCTTATTGCT GCCCAGCT(tATAAAAAGGGTAAAAACCCCACACTCGGCGCGCCAGTCCTCCGATAGA

KIMSV X ;"""""'.... .. .., .,,........ ....................

AKVMLV ......... ...............

GROSS AA.................................
MLV

1040 1060 1080 1100
KiMLV CTGAGGCGCCCGGGTACCCGTGTATCC kATW GCCTTT TGCTGTTGCATCCGAATCGTGGTCTCGCTGATCCTTGGGAG

AKV MLV ' '''T............ '.. .........';.''..

GROSSA ''''.T'''''''''"......
MLV

1120 I.R. 1140 tR08 b1inding site 1160 1180
KiMLV GGTCTCCTCAGAGTGATTGACTGCCCAGCTTG GGGGTCT TTCAT TGGGGGCTCGTCCGGGATTTGGAGACCCCCGCCCA

KIMSV ........

AKV MW|XV|; ......... ......C.,,;, .... ND
GROSS A ND
MLV

t200 1220 100 , 106,0
KiMLV GGGACCACCGACCCACC CGGG,GMlT GGCCAGCGAT CGTTTGTCT C TCTCT GT CTTTGT GCGT GT GTGTGTG

IllIiiitii liii Ill 11IIIII
KIMSV ''''''''''''.'... ' CGGG GGTA, CGGCCGGCG----TTTGTCT TtT CTGTTGTGTCTTGTCCTGTGAACGAT

1280 1300

KIMLV T G CCGGGCATCTACTTTTT GCGCCTGCGTCTGAATCTGTACTAGTTAGCTAACT

KIMSV CGATCAATAGGCTCAGATCTGGGGACTAT'CTGGGCGGGCCAGAGAAGGAGCTGA
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bination occured between the rat VL30 and KiMLV progenitors of KiMSV. At

both the 3' end of the KiMSV genare (within the p15 env coding danain) and

near the 5' terminus (within 5', non-coding sequence) there is not a precise
point at which the sequence beconmes totally divergent fran that of KiMLV.
Rather, short regions of interrupted hamology and general sequence similar-

ity occur, before conmplete loss of hamology. These regions of limited hao-

logy may represent the vestiges of longer sections of hcmology between rat

VL30 and KiMLV sequences, which facilitated the recombinational events re-

sulting in the fonmation of the KiMSV gencme. Clearly it would be necessary

to determine the sequence of the rat VL30 progenitor in order to directly
assess the extent of such hamulogy and also to identify the precise points

of recombination. However, the rat VL30 gene family ccuprises about 150

members which exhibit considerable sequence heterogeneity (6,22). There-

fore, identifying the particular VL30 genetic elemnt which initially trans-

duced the Kras oncogene and subsequently was itself transduced by KiMLV poses

a formidable problem.

Two further sequence features of note are present near the 5' recombina-
tion point. The first of these is a camnn donor splice site located inmedi-
ately adjacent to the point where the KiMSV and KiMLV sequences beccme dis-

similar. The close proximity of this splice site is tantalizingly suggest-

ive of a recombinational process that occured at the level of RNM, involving
a truncated rat VL30 species onto which KiMLV 5' leader sequences were join-

ed. In this connection it is interesting to note that we recently reported
the presence of a similarly located donor splice site on a mouse VL30 genetic
element (30). The presence of such a sequence on the progenitor rat VL30
element would have provided a means of generating a truncated form. However
by the conventional rules of splicing such a recambinational mechanism is un-

likely to have occured, since it should result in loss of the splice site.

This appears to be intact, and presumably functionally essential, in the

KiMSV genare.

Fig. 4 Nucleotide sequence of the KiM4V LTR and 3' adjacent region showing
a carparison with KiMSV, AKV MLV (16) and Gross A NLV (17). The numbering
of nucleotides is continuous with that in fig. 1. Horizontal dashes indi-
cate the absence of nucleotides relative to KiMEV. Vertical dashes indicate
a nucleotide identical to that shon for the sane position in KiMLV. Hucleo-
tide insertions relative to KiMLV are shown as superscripts at the point of
insertion. The identities of various landmarks shown in the sequence are
sLarized in Table 1. The region around the 5' recarbination point is shown
boxed in. The sequence fran 730 to 827 labelled direct repeat, occurs as a
tandan direct repeat in the AKV genine. I.R.=Inverted repeat.
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Table 1. Sequence features in the KiMLV/KiMSV LTR and adjacent regions.

FAURSIRJ N~E POSITIcON

+ strand primer biri
site AGAAAGAGGGGGG 609-621

5' inverted repeat AATGAAAGACCCC 622-634

CAT boc CCAAT 921-925

Pranoter TATAAAAA 972-979

5' cap site GC 1002

Polyadenylatimn signal AATAAA 1048-1053

Polyadenylation site CA 993

3' inerted repeat 1 1T 1133-1145

tRMPi-strand primer
binding site 5GGGGCIUMt1JGGG 1146-1161

Dmor splice site AGPTAAG 1204-1210

*Positions refer to the nurbering of nucleotides (beginning at the start of
the p15 env coding region) adpted in figs. 2 and 4.

The second sequence feature near the 5' recarbination point is the

presence of extensive tracts of TIG dinucleotides, flanked by copies of the

sequence TGIT. Recently, Herr (23) has reported the occurence of a very

similar sequence at the sane location in the genane of AKV MLV. As pointed

out by this author, alternating rTG dinucleotides are noteworthy in that they
can exist as a left-handed Z helix under physiological conditions (24,25).
This kind of sequence is highly repeated in eukaryotic genames (19,20) and

has been iplicated as a hot-spot for reccrnbination (26,27). It seens quite
likely therefore that the putative harologous reconbination event at the 5'
side of KiMLV was facilitated by these sequence features.

Further indirect evidence that non-randan, harologous recinbination

events were involved in the genesis of KiMSV canes fran several independent
studies. Firstly, Giri et al. (28) nployed hybridizaticn under relaxed
ccnditicns of stringency to demonstrate the presence of short regions of
limited banology between cloned mouse and rat VL30 sequences and discrete re-

gions of MLV genares. These hanologous regions appear to map near the inner
boundaries of the MLV LTRs (28), around the positions involved in recarbina-
tion with rat VL30 sequnces. Secondly, in a recent sequence analysis of a

retrovirus transmissible mouse VL30 genetic element (29), we directly ident-
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ified limited hanology with MLV genares extending fran the tRNA primer bind-

ing site up to and including the donor splice site (30). Tirdly, in genanic
clones of mouse cellular DM Itin and Keshet (31) have discovered examples of
unusual VL30 genares into which MLV sequences have been inserted. These
insertions are the reciprocal of those that created the HaMSV and KiMUSV
genares. Since this kind of elnemnt must have becane 'fixed' in the mouse
genane through germ line insertion, it follows that MLV-VL30 recrbination
prcbably occurs at a high frequency. Finally heteroduplex analysis of the
Harvey and Kirsten MSV genares failed to detect any difference in sequence at
their 3' MLV-rat recanbination points (5). Moreover, Goldfarb and Weinberg
(32) found non-randan recarbination junctions between MLV and 3' truncated
HaMSV sequences in the generation of biologically active HaMSV genames. This
inplies that high frequency recrbination occurs between specific sequences
of rat VL30 and MLV genares.

Taken together with our nucletide sequence data, the above considera-
tions lend support to a model of KiMLV-rat VL30 recarbination in which dis-
crete regions of harology, together with other cryptic sequence features,
constituted reccxrbinational hot-spots resulting in an ordered process of VL30
gene transduction by KiMV.

Sequence analysis of other retroviral isolates containing an acquired
cellular oncogene has, in sare cases, revealed the presence of short regions
of hanology between the progenitor virus and cellular DNA which may have

facilitated rare recarbinational events (33,34). Although the precise nech-
anisms involved in this process are not yet established, it has been pro-
posed that the initial event is the integration of the progenitor retroviral
genare in a chrct sanal location iUirediately upstream frcan the cellular on-

cogene. Subsequently, an RI transcript is generated that aontains both

viral and cellular ocogene sequences, probably by a readthrough mechanism
(particularly if the 3' LTR is absent). Packaging of this hybrid RNA species
within virions of a replication canpetent retrovirus and infection of another

cell, allows the final recanbination events to occur by copy choice type
mechanisms during reverse transcription (35).

Wb propose that in the genesis of the tripartite Kirsten and Harvey
MSVs, the rat VL30 sequences supplied an adaptor function by virtue of their
ability to undergo ordered high frequency reccmbination with MLV genames.
VL30 genetic elements are themselves transmissible by retroviruses (36) and

newly acquired VL30 provirus can be detected at many integration sites

following In vitro infection of cells with VL30 containing MLV (A. Carter,
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and J.D. Norton, unpublished). It seems probable therefore that the indep-
endent acquisition of different ras oncogenes by the rat VL30 camponents of

HaMSV and KiMEV occured following MLV transmission of rat VL30 RNAs in in-
fected rats. The resulting VL30 proviruses may have fortuitously integrated
upstream of the respective cellular ras genes. Readthrough transcripts could
then be co-packaged in MLV particles containing intact VL30 genomes. During
subsequent reverse transcription events the first series or recombinations
would generate VL30 units encompassing the ras oncogene. Finally, a second
round of recombination could occur involving the modified VL30 elements and
the "helper" MLV genomes, producing the Kirsten or Harvey MSV gencnmes.

By conparision of the p15 env and LTR sequences of the leukaenxrgenic
KiMLV with the non-leukaemogenic AKV MLV we identified very few changes

which could account for the difference in pathogenicity of these viruses.
Only a single nucleotide substitution in the LTR at position 684 (fig. 4) was

cammon to the leukaemogenic Gross and Kirsten viruses, but different fran
AKV. The possibility that the MLV gename that we have cloned and sequenced

is not in fact KiMLV but another AKV-like isolate seems unlikely, since the

p15 env and LTR region was found to be virtually identical to that of the de-
rivative KiMSV gencme.

Whilst this manuscript was in preparation, Lenz et al. (37) reported the

localization of leukaemogenic determinants of another AKV-like MLV, SL3-3,
to sequences within the LTR. This was achieved by demonstrating the leukae-
nogenic potential of a reccabinant provirus containing the LTR of SL3-3 and

the coding region of AKV MLV. These authors cmrpared the SL3-3 LTR sequence
to that of AKV and showed the determinants to map within the U3 dcmain (37).
The SL3-3 LTR sequence appears to more closely resemble that of Gross A MLV
than AKV ETLV (or KiMLV). Most of the differences that were commaon to both
Gross A and SL3-3 U3 dains occured within the direct repeat region which
is known to contain enhancer elements necessary for efficient transcription
(38,39). Since the activity of enhancer elements is known to be tissue
specific, these authors suggested that leukaemogenicity may therefore be a

function of tissue tropism. The requirement for efficient expression fran
the LTR prcomoter in the target tissue may also reflect a mrechanism of
tumourigenesis involving de-repression of specific cellular genes adjacent to

the integrated MLV provirus (37). However within the tandem direct repeat
region, the Ki1MLV LTR does not share with either Gross A or SL3-3 MLV any of
the differences fran AKV. By contrast, the G to A change at position 684 in

Gross A and KiMSV is paralleled by insertion of an A nucleotide in the cor-
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responding position in the SL3-3 LTR (37) suggesting that this could be of

significance in detennining leukaemogenicity. However, we are cautious about

the interpretation of such carparative sequence data since it has not been

directly demonstrated that the KiMLV LTR confers leukaemugenicity. Also this

putative detenniiant is not within a recognized transcriptional control

element as is required by the tunourigenesis nmdel mentioned earlier. None-

theless, the presence of an A nucleotide at this position is a highly con-

served feature of leukaemogenic MLVs (see ref. 17). W4e also note that the

sequence in which it occurs, TGGAMA, is very similar to the core element

of an enhancer sequence (40). Conceivably, this may be a tissue specific

enhancer-like element which perhaps acts synergistically with the enhancers

present in the direct repeat region of U3, to prcmrte turourigenesis by

efficient expression in the target tissue.
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