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ABSTRACT
We have deterained the entire nucleotide sequence of an intra-cisternal A

particle (IAP) genoae, associated with the K«n-2 gene of DBA/2 Bice. This
genome (MIARN) displays features coaaon to other IAP retroviral-llke genoaes.
Long terminal repeats (LTRs) are approximately 430 base pairs (bp) in length
and show typical retroviral U3-R-U5 organisation, though the R-region, at 120
bp, is auch larger than the average IAP. This difference probably arose by the
amplification of a pyrlaidlne-rich sequence, by a slippage-aiapalring
aechanisn. Flanking the 5' LTR is a sequence coapleaentary to a phenylalanlne
tRNA, strongly conserved in all rodent IAP genomes and probably required to
priae the initiation of (-) strand synthesis. Flanking the 3' LTR, is a
purlne-rlch sequence probably required for (+) strand synthesis. The tRNA
binding site (TBS) is flanked by six tanden copies of a sequence homologous to
the TBS. The relationship of the MIARN element to other IAP genomes and the
significance of Its association with the highly expressed s«n-2 is discussed.

INTRODUCTION

The genoaes of nost strains of alee contain copies of retroviral sequences

(1,2) that code for potentially Infectious virus particles, capable of

replicating in •urine cells. In addition, the aouse genoae contains a fanily

of approximately 1000 copies of sequences, hoaologous to the RNA of

Intra-cisternal A particles (IAPs, 3). The latter are non-infectious

retrovirus-llke structures (4,5) found generally in early aouse-enbryos

(6,7,8) and souse tuaours (9,10,11), and, very rarely, in normal tissues (12).

The aode of retrovlrus replication, by way of a DNA lnteraedlate (13), enables

then to insert provlral DNA sequences at randoa sites throughout the host

genoae. It has been demonstrated that the Integration/transposition of these

genoBes can alter the expression of cellular genes, and In recent years both

infectious and non-infectious foras have been associated with such changes.

Nurine leukemia viruses (HuLVs) have been associated with coat colour (14) and

developaental autants of the aouae (15,16). A cellular oncogene, c-myc has

been shown to be activated in bursal lyaphoaas by insertion of coaplete or

partial provlral copies after Infection by avlan leukosls virus (17,18.19,20).
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Recently, IAP genomes have also been associated with both Inactivated and

activated cellular genes. For example. lmaunoglobulin CK genes Mere

inactivated by IAP integration in a hybridona line (21,22), a transposed

a-globln pseudogene (ctr3) was associated with flanking IAP genomes (23) and

the c-aom oncogene was activated in a plasaacytoma line by insertion of an IAP

element (24,25.26).

Inbred nouse strains can be divided into two groups on the basis of

subaaxillary gland (SMG) renin activities (27). This strain difference has

been Mapped to a single genetic IOCUB. Jtnr, the renin regulator, on chromosome

1 (28) and blochenlcal studies (29,30,31) show that low-renln producing

strains (eg C57BL/10) contain a single renin gene, «en-l, whilst high

renln-producera (eg DBA/2) have two, *«n-l and Ken-2. Conparison of renin

genes from high and low SNG renin-produclng strains suggest that the low

producers evolved fro* the high renin-producer after deletion of gen-2 (32).

This comparison, together with the analysis of renin cDNA clones (33),

suggests that Ken-2 is expressed at higher levels than Ren-1 in the

subaaxillary gland.

Physical comparison of the fi«n-l and Ren-2 genes fron DBA/2 (31) revealed

at least 14kb of sequence hoaology, with an interruption of 3kb in the 3'

flanking region of Sen-2. In this paper we characterise this 3kb element

further and identify it as an IAP genome. This apparent association between an

IAP insertion and high level expression of a cellular gene is of considerable

interest because it Bay be an example of gene activation by a discrete genetic

element.

MATERIALS AND METHODS

General Techniques. The methods for restriction and ligation of DNAs and gel

electrophoresls of DNA fragments are described in ref. (34).

DNA Sequencing. Cloning into H13>plO and apll was used in conjunction with the

chain-termination sequencing reactions of Sanger (33). General techniques used

are described In ref. (36).

Construction of pDB£n3 and pDBJin3a. To facilitate the quantitative analysis of

the 3kb element In mouse genomlc DNA, an internal 1700bp Hindi 11 fragment from

the 3kb element was cloned Into pUC8 to generate pDBRn3. To remove LTR

sequences from pDBfin3, plasmld DNA was treated with EcoRl and the resulting

plasmid, pDNCn3A, was used as a probe, specific for Internal HIARN DNA

sequences.

DNA Dot Blots. Dot Blots were made as follows. Spleen and pDBfin3A DNA were

digested with Alul and then purified by phenol extraction and ethanol
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Figure 1. Physical Map of the Ban-1 and Sen-2 regions, showing the position
of the 3kb element. Restriction enzyme cutting sites are represented a8
follows: P- Pstl, H° flindlll, R= CcoRI. The exons and introns of the renin
genes, determined by conparitive sequencing of genomic and cDNA clones
(32), are represented as open boxes and lines, respectively. The MIARN LTRs
are shaded.

precipitation. DNAs were dissolved in 5ul 1M NaCl, 0.1M NaOH. laM EDTA and

varying amounts of sheared salmon sperm DNA were added. The aaount of total

DNA was kept constant (Sue) for each sanple applied. Samples were boiled for 5

•in and applied to nitrocellulose filters, pre-hybridised as described for

genonic blots in ref. (31). Membranes were air-dried for 30 nin, rinsed in

3xSSC for 2 aln at roon temperature, blotted dry and baked at 80*C for 4

hours. Meabranes were then treated in the same way as genonic blots In ref.

(31).

Computer Analysis of Nucleotlde Sequence Homologles. Dot-plots were obtained

using a diagonal-traverse homology search algorithm based on that described in

ref. (37). The program is written in compiled Microsoft BASIC and runs on a

SIRIUS 1 16 bit microcomputer. Screen displays can be dumped to any Epson FX

printer.

RESULTS

Association of a 3kb DNA element with Ben-2

The composite physical maps of Sen-1 and tten-2, deduced from restriction

enzyme mapping and DNA sequencing of genomic clones from a high

renln-produclng strain (DBA/2), are shown in figure 1. The extensive region of

homology between Ren-1 and Ben-2 Is interrupted by an extra 3kb of DNA In the

3' region flanking Ren-2. This was shown clearly In heteroduplexes between

ten-l/Ren-2 genomic clones as a 3kb deletion/substitution loop (31).

Estimation of the copy number of the 3kb element

A reconstruction DNA dot blot technique was used to estimate the number of

sequences homologous to the 3kb element In the genome of the mouse. This
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Table 1.

ng Mouse DNA

4000

2000
1000
500
250

Copy Number

cpm probe

3007
1475
1107
1033
728

Measurements of

bound ng pC

the

100
50
25
12
6.

Jfen-2

1A DNA

5
25

3kb

cpa

element.

probe bound

105432

56907
29663

27207
17665

Dot-blots were made (see MATERIALS AND METHODS), with aouse or pDBKn3A DNA
In amounts shown above. Each blot was hybridised to an Internal 3kb
eleaent probe (pDB«n3&). The Individual dots were counted In acintlllant;
the cpa are shown. The two sets of data were analysed by linear regression.
The results of regression are as follows: 0.580 cpm probe bound/ng of
mouse DNA ; 929 cpa probe bound/ng of pDB£n3A DNA. Thus, within Ing of
nouse DNA, 0.06k (0.580/929x100%) is homologous to the pDB£n3A probe. The
nouse haplold genoae is 3x10' bases, so (3x10')x(0.0006)-l.8xlOs bases are
homologous to the pDB£n3& DNA. The plasaid pDBfin3A contains a 1300bp
EcoRI/ffindlll DNA fragment froa within the 3kb eleaent, thus, within the
mouse genoae there are approximately 1400 (1.8xl0s/1300) sequences related
to the pDBSnOA probe per aouse haploid genome.

Involved quantitatlng the aaounts of nouse DNA and 3kb elenent DNA required to

hybridise to the same amount of internal probe (pDB«r>3A). The data are

presented in table 1, and the computational details are in the legend. The

data show that the mouse genoae contains approximately 1400 copies of

sequences related to the 3kb element per haploid nouse genome.

The 3kb eleaent is an IAP genoae

To exaaine the 3kb eleaent further, we sub-cloned this elenent from x

genoaic clones into the plasmid pUC8. DNA froa these sub-clones was then

cloned into M13 vectors for sequence analysis. To deteraine the boundaries of

the DNA insertion, the homologous region froa Ren-1 was also sequenced. The

entire DNA sequence of the 3kb eleaent and the target site in Ken-1 are shown

(Figures 2 and 3, respectively).

Comparison of the 3kb DNA sequence with itself in the fora of a dot-plot,

(Figure 4) clearly shows directly repeating sequences of approxlaately 430

base pairs (bp) at each end of the unit. These LTR sequences show extensive

hoaology (83-88*) with the LTRs of other IAP genoaes froa Hus ausculus and

internal sequences flanking the LTRs also show hoaology with regions sequenced

in other IAP genoaes (22, 24 and 38).

Structural features of LTR and flanking sequences

The renin IAP genoae (HIARN), In common with other IAP genomes, shares

many structural features with other groups of retrovlral LTRs (40). These IAP

LTRs include many highly conserved regions, each containing possible

regulatory sequences. The sequence TTAAAA, which matches a consensus
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ID - n 31 40 a 43 73 C 93 OS 1(3 110 120
CTGCAGICAA 6CCIA6A&AC CAITICCCTA ATTAAIGAII 6ATAASCCAA TIGTGCG'GE TGAC66CCCA GGUCTGIAA 6AAAGCA6K IGAACAATO)GAt&IKCGC CCICACAir

130 110 9 5 153 C o r :43 170 163 193 E ) HO " 2 2 0 233 240
GCCAITAIAA 6ArG6Cai6 AOKT9J6T TCHAtlGGl AAAtATAATC r6CA(ACG-S CAS66GCAGT IITCCC6CCA TGTSTTCTGC CT'TCCCGTG AIGAUACTG UGIAATAAT

m itn m -CAT- ZM 290 ra 310 -TATA- m 333 no c » ' 350 34a
GCCIASACtA lACtCCtaA! GGtlKAgC AAIA66SA6 IAAIACGTCC TAG6C6GAGG HWIICICC ITTOTt&O CG66GIIIIG CCATTCWC T C I p I T t C II6TKTT6T

370 383 JW 4UJ TTU 120 130 44D 450 Pg iM HO 170 IB)
FCTTTTTCT1 MtllCTtTC ICTCTCTTGC TIICTT6TTC TT6IKITIT ICITKACK HKACTCT' KTCTC6CTC CT6AAGTI6T A A a P T B W 6CTTTTGCCG CtAAGATIC

I f l T 503 S i6 "SOT ' 533 TBS" 5*0 550 540 570 5 ( 3 590 400
CSEITItUG CGTTCTICCI 6GCC&GTC&C GTGAACGASI G T ^ B t f r T E T H I W A t CCSCkCW AAAACCCGG6 AC6AW6AI CT6G6AC6A6 AAAACCHlffi uff YlVl' l"

410 420 430 MO i 5 0 46C 470 6 M * MC T S 710 ' 720
AAAACCCG66 AOA6A»A*C CT6E6ACMT TACCAICAtC 6HSCAA66A A6AICCCIU IICCS6AACC (WACIGCG6 GICACSGICA TAAAGGTTCt C6TAAAACA6

710 ' 750 7 4 0 770 780 790 M0 810 320 910 MD
ACTSTTM6A A6GA1CCAGC CTG6*nCAG AACICC1CA6 CTGGGGAACG 6TGGTAA16A AGT6UCCCC 1AAAACAW TGnSAWAG 6A1TCA*CTG CGIGAAITCA GAKKTTCA

85ti M 670 toar 881 890 " 9M 910 m 930 940 950 tew 940
6CIG6KMC AGSGIAtCre TAAGIA1A6C TITAtMEEI H G I I G K C 'T6AACT11C IAACGAAAT1 CAAGAO6IC TAICAWACT AAASTGtGAA ATAGCTTTAC

970 ' 960 w i IJJD IOIO " m a DcM, n m TB*B HHI io40r

IGHCT1GAA C1TICTAACG * W ' C * * " W I C U I C * 6AAGTAAAGI SGGAA*T*GC nTAOPff iTTTOTGHC TI6AACT1T1 ICIAGI6I1A 6GAGCCTTTT IGIICCIin
H B O ' lioo TTTH ITTD rrrs ^ i u o nso u w 7HTO HBO 1190 1200

CACATGTTAT CAAGOGTtA AGGAAGG6CT GAAAATTCC! GGAIGAAAAI ; U K H J U ] CIAKCAGGA AGTAAAGCCA GGGAGAGAGA GICAGGACM AGGAAIAIGG IACACACAM
1210 1220 1230 1240 1250 1240 1270 1280 1290 1300 1310 1320

TAAGTATACA CSGCCTITCC AGGGTCTIAG CCA£AA£GAA GTACGGTACC GG1GACAGAC T1GCIUAGT AUGACAGA6 AGAWIAGA GAGCAAAAAG AAAAIAIAGT AACACAAAAT
1310 1340 1350 :340 1370 13S3 \ m 1400 1410 1420 1430 IUO

AAG1AIAAU GCTTTCCACA GGTCTGAAAC CCAAGAAAAG ITIAAGTCAA G1AAGAAIAC CIGGGAUGA GTIAGMAGG AAGEMAAGG AAAAAAMAA AGAAAAAAGA ICAATCAGCA
1450 1440 1470 14tO 1490 1 X 0 1510 '.520 :530 1540 1550 I'M

GAffiTTICTA CGAGAACGAC CCIAIAC1CA TCACTA6ATG AGCICAAGGA GCCAGHCIt AGIAGITCIG AAICAW1GA AAM£CTAV AGGGCCTGGA AGGCGC1CIC CCGAGCA6GI
1570 1580 '.590 U K 1410 1420 1430 1440 1453 1443 1470 1460

GAACCCAC1G AAUAC1AK AAAGATCGIC CAGGGACCIC AGGAGTCCH CTCA&ATTTT GTGGCCAGAA tTGAUGACG CAGCA&AGCG IATII1IGCA GAITIGGAGC AAfiCCECACC
1490 1701 1710 1720 1730 1740 1753 1740 1770 1780 1790 1800

TCIGETAGAA lAGClTATn ATGAGCAAGC (MMJCUt, 1ACCGAGCGG CCAIWCCC AAGAAAWAt AAAGGCITAC AAGACTGGCI CAGGGTTIG1 C3GAGCTTG GGCGACC1CI
1810 1820 1830 1840 1650 1840 1870 1883 1893 ITOJ 1910 1920

CMCAAIttA GUTTAGCGG CCGCCATCC! CCAAKCCAA AMTGCKCA 1GEGCAGAM IGAAICAACT C ' W K i ; GKCAGGAAC AACIAGAIGT AITAIGGCAA A1AGC1CAGC
1930 1940 1950 1940 1970 1980 1990 2 K 3 2010 2020 2030 2040

TGGMrcrGA ACAAMTTT CCGGGATTGt GCGTTACTTC CATTCAGTAT GAGAA'IIIA CIAGGGCAGC TAAH1GTCA AAAAGKII1 CICAG1ATA1 GTIACAGAA1 IGGACGGCIG
2050 2040 2070 2CB3 2090 2100 2113 2120 2130 2140 2150 2140

»Anr6AA£A 6ACCCTTCGG 6AAITGAGAC 1TGCCA1CAI ICA6GICAAC TCCATGCGCt tGGACCIGIC CCIGA1CAAA GGA'IACCCA ATrGGAICIC CICASCATII ICCTICIIIA
2170 2180 2190 2200 2210 2220 223C 2240 2250 2240 2270 2290

AAGAATGGGT GGGATTGATA 1TATTTGGAG ATACACtTIG CIGIGGAITA GIGITGCTIC TTTSGT7GGT CTGTAAGCII AAGGCCCAAA CIAGGAUCA CAAGGIGGIT AI1GCCCAGG
2290 2300 2310 2320 2330 2340 2350 2340 2370 2380 2390 2400

CACTTGCAGC TCTA6AACAT GEIGCI1CCC C1GAIAIAIG GT1ATCIAIG CTTAAGCAAI A66ICGCIGG CCA1ICAHI CTTSCAICCC ACGAGGCIAG 1C1CAI1GU CG6GAIA6AG
2410 2420 2430 2440 2450 2440 2470 2463 2490 2500 2510 2520

TGASrGTGCT TCAGOGCCC GA6AGAGTTG CACGGCIAAG CACtGCAGTA GAAGGGCTCT GCGGUCAIA IGAGCCIATI CTAGGGAGAC AIGTUICII ICAAGAAGGt TGAGTGTTCA
2530 2540 2550 2540 2570 2563 2590 2400 2410 2420 2430 2440

AGTGICUTC ICCCCA6GAA AAACGBCACG GWGCAGGIC AGGGTIGCtC TGGGIAAAAG CCIGTGAGCC TAAGAGC1M ICCIGIACA1 GGC1CCTTTA CCIGCACAC! GGGGATTTGA
2450 2440 2470 2460 2490 PU 2700 2710 2720 2730 2740 2750 6 K 2 7 4 0

CnCTATCTC CACICICAIT AAIAIGGBIG GCCTATIGC1 C l t U U U iUUHU,' t d T g t A G G AGCCGCCtIC ACAITIGCCA T1A1AAGA1G GCGCTGACAG CI1T6TICT
C o n 2770 2780 2790 2803 2810 2820 2830 2640 2B50 'CAT' 2643 2870 2880

ATAATCTGCA CACGIGUGG GGCAGTIITC CCGCCA1GIG 'TCTSC'TT* CCCG1GAIGA CAACIGGU: GATGGGUGC AGfOTtAG GGAGTAA1AC GICCIACECE
2890 TOA-2900 2910 2920 C » ' 2 9 3 3 2940 2950 2940 2970 2980 2990 3300

6AG6AIAAII ClCCfTOBGGGACGGG6T II1GCCATTC I I T C H T t t IT!CIIG''C " G r ' - f ^CTT'CT'jt TCTCTCirEC TITCTTGIIC 1T1IICT1GC ACTCTTGCAC

BIO ma snoPpM 3040 3 * : m o KTC 3S3 w a 3100 o> 3110 "3120
i a j g r t C T G GC1CCIGAAC A I G I A A f i O K n B O t t m i ( £ U Q * H j AITCCGGIH GIIGTGTICT TCCIGGACGC ICECGTGAAC GCGTGT<BI GAACyCCCA CAAGGAGCM

3130 3140 3150 314S 3170 3183 3193 32D3 3210 32T0 3230 3240
GCCAGTAAGC A6UCCCCTC CTGCCIACAG GTTCCIGTCC TACTGCTIGA GTTCCTGTCT TGACTTCCTT TGATGATGAT GTGGAWTAT AAGTCAMTA GACCCTTTCC TCCCUAGGT

3 2 5 0 3 2 4 0 3 2 7 0 3 2 8 3 3 2 9 0 3 3 0 D 3 3 1 0 3 3 2 0 3 3 3 0 3 3 4 0 3 3 5 0 3 3 4 0
6ITTTGAICG TffiTGTTICA TCCCAGWCC CSTGCTGCTG AACAATCCU CCCTATATGG WTTGCCTGG AAAACCCCTG TCAOATGCT CTGCACACTC CGTGTGTGAfi TGTGCUCIG

3370 33BB B 9 t 3400 3410 3420 3433 3 4 « 3450 3440 3*70 3483
CCCUTGTGA CUTCTADC AGECAATCTA AfiTCGtUCI GTGCAAGAAC AT6GAAIGTC AGACATCCAA CMTCCTAtC TUCACACAT AGAAAAAUC ATGAAAAGCC TAATTIGUC

3490 3500 3510 3520 3530 3540 3550 35tO 3570 3580 3590 3400
AA&4ICACK GGTGAAGAAT CAAGCGSATA AG6/UCCICA AAAACTATCC GAGAGAATCC AACCCAAATG ACACAGCCCC TGGGGGCGGC GCTCTCACCT UCTCCCAU TGTGAAGTGC

Figure 2. DNA Sequence of the Ken-2 IAP Genoae, MIARN. Possible regulatory
sequences are boxed: IR at 98 and 2704; GRE at 148 and 2754; Core Enhancer
at 156 and 2762; CAT-box at 269 and 2853; TATA-box at 311 and 2895; Poly(A)
recognition signal at 455 and 3029; Poly(A)-addition site at 471 and 3045;
TBS at 529; 5' lntron splice-sites at 876, 951 and 1026. Repeats are
underlined. Direct-repeats between positions 696 and 855 are inperfect,
showing 92* hoaology with each other. Between positions 866 and 1046, two
types of direct-repeats are distinguished by open and closed arrow heads.
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(a) 70 80 80 3110 3120
AOGTTCTGTAAOAAAGCAGGCTGAACAA: IAP :OAACAAOCCACAAGGAGCAAGCCAGTA Sen-2

AGGTTCTOTAAOAAAOCAOOCTOAACAAOCCACAAGOAGCAAOCCAGTA £«n-l

(b) 3130 3140 3150
AOCCAOTAAOCAGCACCCCTCCTOCCTACAOGTTCCTGTC ««n-2

AGCCAGTAAGCAOCACCCCTCC : ACGGCCTCTACATCAG : CTCCTGCCTACAOOTTTCTOTC ten-1

Figure 3. (a) Ken-1 DNA sequence honologous to the «en-2 region containing
the site of integration of the fien-2 associated IAP genone, MIARN. (b) Site
of integration of the Ren-1 aobile-like element.

"TATA-box" (TATAATAAT, 41) is present in both LTRs (Figure 2, positions 313

and 2895). The sequence CCAAT (the so called "CAAT" box, 41), is present in

both LTRs 42bp upstream from each "TATA" box: together these define an RUA

polyierase II promoter in both LTRa (41). The sequence AATAAA, a

polyadenylation signal present at positions 455 and 3029 (Figure 2), probably

directs the post-transcriptional cleavage event prior to polyadenylation (42)

and precedes the dinucleotide CA, a preferred polyadenylation site (Figure 2.

positions 471 and 3045). In addition, there is a conserved sequence (Figure 2,

positions 156 and 2762), that Batches closely a core-enhancer sequence

(GTGGTATAT^T. 43). Such enhancers coaaonly occur in the U3 region of

retroviral LTRa, often (not in the case of MIARN) as part of a larger direct

repeat (13). Adjacent to this conserved sequence is the sequence TGTTCT

(Figure 2, positions 148 and 2754), which Batches a consensus

• (1)

•'•in.OB

n o . • a

Bjff4 31

I \

\

\

\
\

\

\

\

Figure 4. Dot-plot of the DNA sequence of the 3kb eleaent to Itself,
showing the long terminal repeats (LTRs). Dots around the border Bark off
increaents of 50bp. The Halts of the LTRs are Indicated by four sets of
parallel lines on each axis.
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glucocorticoid-responslve element (GRE, 44. 45). In the LTRs of MMTV, there is

a similar close association between enhancer and GRE sequences (46) and such

an arrangement is horaone-responsive (47). It will be of interest to deteraine

whether the MIARN sequences also define a horaone-responsive element and

whether this nay influence the expression of neighbouring genes.

The retrovlral LTR structure can be sub-divided into 3 regions, U3-R-U5

(40). The lengths of U3 regions are 247bp for the 5'LTR and 224bp for the

3'LTR. The difference in size is not due to a staple tanden duplication of DNA

in the 5'LTR, but an iaperfect, pallndroaic duplication of 26bp centred at

position 265bp. The R region always starts with a G and is usually followed by

C, approximately 30bp downstreaa of the "TATA" box and ends with the poly(A)

addition site, CA. The length of the R region varies between IAP genones (39),

that in MIARN being the largest. This size variability Is the result of

amplification of an 8 bp unit (TTCTCTTG), probably involving a

8llppage-aispairing aechanlsa (48), which would be facilitated by the base

asynnetry and high A/T composition of this region. The lengths of the U5

regions are short, 54bp for both 5' and 3'LTRs, a feature coanon to all IAP

genoaes.

Four kinds of tRNA: Trp, Pro, Lys (40) and Phe (39), have been Identified

as primer tRNAs for reverse transcription of retrovlral genoaes. The

nucleotide sequences of the tRNA-binding site (TBS) of MIARN were

conplenentary to the last 17 nucleotldes of a naaaalian phenylalanine tRNA (50

and 51) again a conserved feature for IAP genoaes (22, 24 and 38). Adjacent to

the TBS are six tandea repeats of a 15bp basic unit, closely related to the

TBS itself. As with other tandem repeats, this probably evolved by a base

sllppage-aispairing mechanise (48).

Adjacent and upstream froa the 3'LTR is a conserved purine-rich sequence,

17bp in length. It has been speculated that this region night be involved in

the initiation of plus strand synthesis (40).

Most retrovlral genoaes contain a 5' lntron splice-site near the TBS

region. A search for probable 5' lntron splice sequences (52) reveals three

possibilities at positions 873, 947 and 1027 with 8/9 matches with the

published consensus, AAGGTAAGT (52). Sequences extending froa the 5' terminus

of viral RNA up to the first 5' lntron splice-site are thought to serve as an

untranslated leader sequence which is spliced onto sub-genomlc aRNAs (53).

The target site for MIARN Integration

Because the Ren-2 gene and its flanking regions are highly homologous with

the closely linked Ren-l gene, presumably via tandea duplication, It Is

possible to deduce the sequence of the target site Into which the MIARN
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provlral sequence Integrated. Comparison shows a duplication of 6bp, GAACAA,

flanking both LTRs, in the Ren-2 region, and that is present in only one copy

In the homologous Ren-1 region (Figure 3a). Although the sequences flanking

the integrated IAP genomes are non-homologous, the duplication of target DNA

is always 6bp (22, 24 and 38). Such an arrangement is typical of prokayotic

and eukaryotic nobile elenents (40).

In addition, this comparison also shows a 16bp sequence in Ren-1 that is

not present In the Sen-2 sequence (Figure 3b). A duplication of 4bp, CTCC,

flanks this sequence, however, only one copy of which was present in the

homologous «en-2 region (at position 3138). These features are characteristic

of insertion elements and suggest an insertion event nay have occurred In the

3' flanking region of the Ren-1 gene.

DISCUSSION

Comparison of the structure of IAP genomes

IAP genomes have been classified into two groups on the basis of

restriction sapping and DNA heteroduplex analysis (54, 55 and 56). Type I, the

major group (91* of total) of IAP genomes, are mostly 7.2kb in length. Genomes

in the minor group, type II, are chiefly 4.8kb in length and contain a 500bp

sequence not present in type I genomes. The restriction map of HIARN has been

compared to the Bindlll/EcoRl/PBtl maps of other IAP genomes (Figure 6) and

internal homologles are evident indicating their retroviral origin. This

conclusion was supported by copy nunber measurements using an Internal HIARN

probe, a value was obtained close to that found for other IAP geneomes. As

with other rearrangents involving IAP genomes, MIARN has probably undergone a

deletion of internal sequences. A deletion of 4kb, beginning approximately

l-2kb from the 5' LTR, has removed internal IAP sequences from the original

MIARN IAP genome. However, a 1.5kb region flanking the 3' LTR has been

conserved in all re-arranged IAP genomes (57, 58 and 59). This feature is also

true of other retrovlrus genomes and the retained element is known as the

constant region, C. The internal rearrangements of IAPs are generally in the

sane position and inspection of the MIARN DNA sequence reveals three pertinent

features. A pair of 77bp imperfect direct-repeats between positions 696 and

855, display 92k homology with each other and are each flanked by 3bp

direct-repeats (Figure 2). Direct-repeats are also found between positions 866

and 1046 and sequences between 1050 and 1450 are A/T-rlch, with A and T

residues showing DNA strand asymmetry (Figure 2). It is interesting to note

the unusual pattern of these direct-repeats, consisting of three repeats of

31bp interrupted by repeats of 75bp (Figures 2 and 4). The 31bp repeats
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MIARN

MIARN

MIA14

HIA14

HIAX24

HIAX24

L20

5'

31

51

3'

5'

3"

51

Table 2. A pairwise comparison of

MIARN 31 MIA14 51 MIA14 3'

.02*.01 .17*.03 .16*.02

.16*.02 .15*.02

.08*.02

MIAX24

.15*.02

.14*.02

.07*.02

.02*.01

IAP LTR sequences.

51 MIAX24 3

.19*.03

.18*.03

.10*.02

.08*.02

.07*.01

L20 5'

.22*.03
(2.78)

.22*.03

(2.75)

.25*.03

(3.13)

.23*.03
(2.85)

.22*.03
(2.74)

.25*.03
(3.11)

H10 5'

.61*.06
(1.53)

.61*.06
(1.53)

.65*.07
(1.63)

.62*.07
(1.56)

.61*.06
(1.53)

.60*.06
(151)

.58*.06
(1.45)

The nunber of base substitutions per site (together with standard errors)
as estiaated by using the three-substitutton-type model of Klnura (64).
These were calculated using aligned LTR sequences (Figure 5). In brackets
estlaates of base substitution rate are given as nuaber of base
substitutions per site per year (x!0B), where divergence tiaes are known
(Mas musculus vs Nus caroll, 4 Million years and Mus species vs
HesocriceluB auratus, 20 Billion years. 49). References for LTRs follow :-
MIARN this work; MIA14 (22), HIAX24 (24), Hua csroli, L20 (63) and
Mesocrlcelus auratus, H10 (39).

contain consensus 5' splice sites (Figure 2). These sequence features nay be

related to the apparent instability of this region.

If the general organisation of IAP genoaes is slailar to that of other

retroviral genoaes, 5'LTR:PBS,gag,pol,env,c,PU:3'LTR, (40) then our findings

would suggest that only the terninal sequences remain within the MIARN

element. This suggestion is supported by the lack of open reading fraaes

between the two LTRs (data not shown).

Evolution of the Jtnr locus in the aouse

A aodel of renln gene evolution in the aouse involving gene duplication of

an ancestral gene approxiaately 13 Billion years ago has been proposed (60).

Recently, we have Isolated and characterised a renln gene froa a low

renln-producing aouse strain (32). This gene was calculated to be aore closely

related to the Sen-1 (1.5* sequence divergence) gene of a high renln-producer

than a Ren-2 (10* sequence divergence) gene. These findings supported a aodel

of gene duplication approximately 9 aillion years ago, followed by a recent
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S' IUAH
3' m«N
5' niAii
3' HIM*
3' Nl/KI
S' HIAX24
3' I11AX24
5' MA3.2
5' L28
5' HID

MAW
MA»
nun

5'
v
5 ' NIA3.2
5' L20
5' H10

mm
nitSH

m»u3' HIAU

31 mwsi
5 : HIAX2*
3' HIUGt
5' H1A3.2
5' L20
5' HID

5' MAM
3' niAW
5' niAU
31 NIAU
3' NIAN51
5' H1AX24
3' N1AX24
S1 NIA3.2
5' 120
5' H10

3 H1AJ94
S' f11A14

3' HIMSI
5' K1AX24
3' HIAX24
5' WA3.2
51 120
b' H10

10 20 30 40 50 40
CGCCCTCACA TTT6C -CA-TTATAA GATGKGCTG MA- tCTG
C6CCC1CACA I I I G C CA-TTATAA GATGGCGCTG ACA-GCT6-

TGirGGGAGC CKHTCACA T - C K -CAGTTACAA GATGGCGC1G ACA-GCTG'
rGirGEGAGC CCCGCTCACA ITCGC -C6&ITACAA 6ATGGCGCT6 ACA-GCTG-

70

iGT rGGGASC CCCGCTCACA T I C K -CG6TTACAA 6ATGKECTG ACA-GCIG-
TGHG6GAGC 6CCGCICACA T I C K -CGG-TACAA GATGGCKTG ACATCCTG

IG1 WGAGC CGTCCTCACA T I C K -CA-I1AIAA 6AIGGCACTG ACA-CC1G
C6CCCTC6CI ATCGCTATT6 CC6-TTAGAA 6ATGKGCT6 AUI-CT6C i GT-C- £TT6 GA6TTAAC i IIA6AA6A16 6CGCTGACA1

G T T C I U6TG G — I A A C A --IAAICTGC ACACG1GO6
GI-C1 **GT6 6 — T A W > -IAATCTGC ACACGIGCA6
GTTCI tAGTG G — T A W > MTMTCCGC GCAIATGCCG
6TTCT * T G 6 — T A W > MTAATCTGC GCAIGTGCCG

GTTCT tAETG 6 — T A W > AATAATCTGC GCATGTGCCG
T GTTCT M T G G — T A W > AATMICTGC GCATGIGCCA

[ GTTCT « T A G — T A W > AACCATCTGC ACAIGCGCTG

110 120 130 140 ISO l td 170 16C HO 200
-66GCAGTTT TCCC 6C-UTGTGT TC-TGCTTT TCCCGT&ATG ACAACTGCA6 TAATAAC6CC TA6ACTATAC TCCTGAT-GG CT6-CAGCTA"
- 6 6 - U - T T T TCCC GC-tATGTGT TC--T6CTTT TCCCGTGAT6 ACAACIGG CCGATGGG CTG<AH >
A66GTGGTTC -CCTA CTTCATGTGC TCACTGCCCT CCCCGTGAC6 TCAACTC6G -tCGATGGG CT6-CAH ^
AGGGTAGGTT CTCA CTUATGTGC I C A - - « C T T CCCCGTGACG TCMCTCG CCGATGGG CTG-«G<)CA

«GGTAGGTT - C T U CTCAATGTK TC--TGCCTT CCCCGTGACG TCMCTCGG-
A66GTATCTT ATGA CIACATGTGC TC--TGCCTT CCCCGTGACG TCAACT6G-

-CCGATGGG CTG-CAW a
-CC&AT-G6 CT6-CAGC 'A

-GGGTAGTTT C C U CCCCATGTK TC-TGCCTT 1CCCGTGATG ACAACTCTGG
CTKTGTCAG TTG&AGTTM CCGTTTAAGC T6--TGCCTC TCCCGTGGCG TCATCTGGGG

210
ATtAGGGAGT
AT :AGGGAGT

220
• AATACGTCCT

AATACGTCCT
• GACACGTCCT

ATtAGGGAGT M C K G T & t l

Z30 740 2S0 260 I7D 2B0

-CTGATGGG CTG-CAG( 'A
—TGATGTG CAAACCAJA

290 300

AI:AGGGAGT
A1>GGGAGT

GACACGTKT
GACACGTCCG

; GACAC-TCCG
ATtCCG&CTC TACACGTCTC

AGGCGGAGGA T A A T T C T C t n A j S a & A C GGGGTTTTGC CATTCTTTCT CTTGCTTTCT TGTTCTTGTT CTTTTTCTTG
AGGCGGAGGA TAATTCTCd TAAWi&MC GGGGTTTT6C CATTCTTTCT CTTGCTTTCT TGTTCTTG-- --TTTTCTT6
AGGCGAMTA TAMTCTCU AAM/£GAG GGGGTTTCG TTTTCT--
AGGGGMGGA TAATTCTCd TAAT( 'HM, GGGGTTTCG-

GMITCTCU TAAG/iGGAG &GGGTTTCG-
AGGGGAAGGA TAATTCTC! I TAAT* £GAG GG&GTTTCG-
AGGCGAAGGA GMTGCTCt I TAACV £GAG GGGGTTTCG-

-ffiGA TAACGCTCtr AAAT»iGGAG GGG6TTTCG-
AGGCGGAGGA CAGTCCTCI» TAAA/ & A G GGG&CTCCG-

TTTTCT--
TTTTCT--
TTTTCTCG
TTTTCTC6
TTTTCTCG

-6C1 C TSTCG
ACTCGGAGCT CCT«66CT*TAIwfeGG6C TGGGTTTC1T A -&H T6GGE

310 320 330 340 350
CTTTCTTTCT CTCTCTTKT TTCTTGTTCT IGTTCTTTTT CTTGCACTCT
CTTTCTT6CT CTCTCTTKT TTCTTG TTCTTTTT CTTGCACTCT

CTCTCTTKT TTCTTA -CACTCT
CTCTCTTKT T-CTTA -CACTCT

- CTCTCTTKT T-CTTG CACTCC
CTCTCTTKT T-CTTA CACTCT
CTCTCTTGCT T - C T T G - — CTCTCT
CTCTCTTKT T-CTTS -CAC-C

CTCT CTCTCTGGCT TTCT CCAC-T
• TCTCCCTCT AAGAA KT&ATCATC

340 37C 380
TGCACTCTTG -CTCGooCTC CT6METTGT
TGCACTCTTG -CTCGGGCTC CTGAAGTIGT
TG CTC CT&AAETTGT
T6 CTC CTGTTCTTGT
TG CTC CT6AA6AT6T
TG CTC CTGAAGATGT
TGCTTCCTCG ACCCTG6CTC CT6AA6ATGT
GG CTC CT6AAGATGT
GG CTC CTGATGG6GT
T ATCTCTCAAG

AAGClATAAA
AAGCUTAAA
AAGCtATAAA
A t t C M T M A

AAiK WAAA
AAGItATMA
AAGIMTAAA
AAGItATAAA

400
GCTTTTGCC6
GCTTTTGCCG
G-TTTTGCCG
G-TTTTKCG
GCTTT-GCCG
6-TTTTGCCG
KTTT-GCC6
aiTT-KCG

6TTTGTAn6

GCTT-TACTG

410
XMWTTC
'J IMtATTC
~J MGATTC
UMWTTC
U MGATTC
U M A T T C
OM&ATTC

J MGATTC

420 433 440 453 4tO 470
CGGTT T G-TTKGTTC TT-CCTGGCC GGTC6C-GTG AACGAGT— G T t f O
CGGTT—-T G-TTGTGTTC TT-CCT66AC GGTCGC-GTG AACGCGT— GTI «
TGGTC—-T G-TGGT6TK TT-CCTG-CC GGGCGT-GAG AK&&CTCTA ATI K<
TGETT T G-TGGT6TTC TT-CCT6&CC GG5CGT-6AG AACGCGTCTA A ' l IC«
TGGTT—-T G-TTGTGTTC TT-CCTAGCC GGGC6T-GAG AACGCGTTTA ATI KJ
TGETT—-CI 6--IGTG1TC TT-CCTGGCC G5-C6TGGAG AACG—CTA GTI «
TGGTC—-T G-T6GTGTTC H-CCT&GCC GGTCGI-GAG AACGCGTCTA ATI \ l t
TGGTC—-T G-TGKSTCT TT-CCTGGCC GETCGT-6A6 AACGCGICTA AT( >CA
CGGTTGCGGT GTGCGTGTTC TTACCAGG- GGGACACAU AAAKGGCGG G[ l \it
C G t t T G — T T-CTKGTCG TT-CTTG-tT G6-C6AGACG 6TAGCG-CGE G-fcCA

Figure S. Comparison of LTR sequences froa IAP genoaes. Dashes Indicate
gaps Inserted to aaxlaise the alignment of hoaologous regions of the
sequences. Conserved sequences at the teralnil and possible regulatory
sequences are boxed. References for LTR sequences are as follows :-
MIA14 (22); HIANSI (38); MIA3.2 (38); L20 (63) and H1O (30).
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Figure 6. Physical comparison of IAP genoaes. Restriction enzyme cutting
sites are represented as follows: • - Pad, • - Bindlll, O- EcoRl. ()-
deletion. References: clones 81 and 19 (53); clones MIA14-63 (65).

(1.2 Billion years) deletion event renovlng the Rcn-2 gene.

The MIARN genome can be treated as a aeaber of a large •ultigene family,

the IAP genomes and sequence divergence between the various units Bay be used

to estimate when Integration and divergence of various IAP genes took place.

An important consequence of the mechanism of retrovirus replication and

integration Is the generation of Identical LTR sequences (13). Thus, the

difference in sequence between 5' and 3' LTRs Bust be a result of randoa

autatlon in each LTR, following Integration. We have calculated 0.02*0.01 base

substitutions per site froa a comparison of the MIARN LTRs (Table 2).

Comparison of MIARN and L20 LTRs, froa species thought to have diverged from a

coaaon ancestor 4 Billion years ago (49), yielded an estlaated autatlon rate

of 2.8x10"" base substitutions per site per year. Assuming that the autatlon

rate of the MIARN LTRs is equal to this, then the Integration event occurred

approximately 0.7 million years ago. This date Bust be a BlnimuB estiaate,

since hoDOgenisation events (61), between and within IAP genomes, would reduce

the degree of divergence seen in pairs of LTRs. This date would suggest that

both the Sen-2 deletion and MIARN integration are both relatively recent

events. These conclusions then support the following model of evolution for

the finr locus In the aouse. Approxlaately 9-13 million years ago a Cen-1 like

gene was duplicated to generate the Ren-l/Sen-2 gene arrangement, followed

recently by the integration of the MIARN genoae into the 3' flanking region of

Ken-2. if this event took place before the Ren-2 deletion, then the latter

aust also reaove the MIARN genome. Alternatively, the two events took place in

separate groups of alee.
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The nuaber of base substitutions per site observed between pairs of 1AP

LTRs (Table 2), together with an estimated nutation rate of

2.8xlO~"/site/year, provide Blniaun estimates of the tines of divergence.

Apparently, the Musculus musculus IAP genoaes have diverged froa a coaoon

ancestor, approximately 3-7 illllnn years ago. Also, these LTR sequences are

all equally related to the L20 LTR sequence froa Husculus caroli (Table 2),

suggesting a conaon ancestor for these LTRs, 4 Billion years ago (49). These

Bouse LTRs all seen to share a conaon ancestor with the H10 LTRs of

Meeocricelus auratus, sone 20 Billion years ago (39).

Conparlsons of LTRs within Individual IAP genoaes suggest that the tines

of Integration are relatively recent (0.7 to 2.9 nillion years ago), however

these tines are probably gross underestlnates due to processes of

honogenlsatlon (61) between pairs of LTRs. The comparison of LTRs within and

between the IAP genoaes of HIA14 and MIAX24 seeas to show that the 3' LTR of

MIA14 is aore slailar to the 5' LTR of M1AX24 than it is to that of MIA14.

This could be evidence of hoaogenisation between IAP genoaes within a given

species, possibly by a mechanism of gene conversion.

The rates of base substitutions observed between pairs of IAP LTRs Is at

least 10-fold greater than that characteristic of functional genes (64). This

would suggest that the teratnal repetitions of the proviral elements examined

are no longer subject to strong functional constraints.

Association of an IAP genoae with the gen-2 gene.

Renln cDNA clones have been used to investigate the organization of renin

gene sequences in nice of high and low renin strains (29 and 30). The physical

Baps given for Ren-1 and Ren-2 (Figure 1), show that the 8.8kb, 3.9kb pair are

derived froa the Ren-1 region and the 9.2kb, 4.4kb pair froa the Ren-2 region.

Sequence analysis of renln cDNAs and Ren-l/Ren-2 genoalc sequences (32 and

33), Indicate that fien-1 codes for a kidney renln and Ren-2 codes for the

aajor renin aRNA species in the SMG. The physical nap of the Ren-Z region also

Indicates that the 4.4kb EcoRI fragaents detected in high renln strains is due

to the 3kb Insertion and is therefore diagnostic for the association of this

eleaent with the highly expressed s«n-2 gene. The three low renin-producing

strains Balb/c, C3H and C57BL/6 all have 3.9kb and 8.8kb £coRI fragaents in

Southern blots (30), while the three high renln-producers DBA/2, AKR and SWR

have four EcoRI fragaents of 3.9kb, 4.4kb, 8.8kb and 9.2kb (29 and 30). These

findings then deaonstrate an association between high SMG renln expression and

the presence of an IAP genoae flanking the highly expressed gene, Ren-2. Given

the well established correlation between proviral LTR« and altered expression

of closely linked genes (17-20), It eeeas possible that the elevated
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expression of Ren-z In the SMG of high-producer strains Is due to the close

proxialty between that structural gene and the provlrus. Since Sen-2

expression has only been described In the SMG, It Is not yet possible to argue

whether any possible enhancing effect Is tissue-specific.

Sequences homologous to IAP genoaes have been detected In a wide range of

•auals, including aany rodent species, the bat, cat and monkey (62). These

•obile genoaes and their transcription-control signals Bay therefore play a

significant role In altering the expression of cellular genes in aaaaallan

genoaes.
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