Mammalian Genome 8, 811-817 (1997).

Mammalian

© Springer-Verlag New York Inc. 1997

Steroid hormone responsiveness of a family of closely related mouse
proviral elements

Charu Ramakrishnan, Diane M. Robins
Department of Human Genetics, University of Michigan, Medical Science || M4708, Ann Arbor, Michigan 48109-0618, USA

Received: 29 April 1997 / Accepted: 14 July 1997

Abstract. Regulation of the mouse sex-limited proteBig) gene  unstable, and thus lost from the population. However, it is alsc
is unusual in that hormone response is conferred by thd'R of possible that such insertion events have gone unrecognized b
an upstream inserted provirus, dubbed the imposmpd). In a cause they occurred long ago—remnants of earlier active particle
search for additional genes whose regulation has been affected gay now be requisite components of wild-type gene expression
retrotransposition events, we isolated two partial proviral element§he large number of such elements in the genome, whose antiqui
by stringent screening of a mouse genomic library. One clonas seen in their significant divergence from active proviruses (Dun-
(imp2 contained a portion of the envelope gene and &TR that  widdie et al. 1986), fosters speculation on their role in evolution of
was nearly identical to the’3. TR of imp1; this similarity ex-  endogenous gene expression (Robins and Samuelson 1992; Britt
tended to insertion into a B1 repetitive element. The second pro1996).
viral clone {mp3) contained a 5LTR and associated coding se- In the course of studying androgen regulation of the mouse
qguences, but lacked its 8TR; the LTR ofimp3differed by 12%  sex-limited protein (Slp), a variant but functional complement
from theimpl sequence. To assess potential hormone responsepmponent (Van Den Berg et al. 1992), we encountered a nove
proviral enhancer regions cloned into reporter vectors were testeishstance in which an ancient proviral insertion has conferred hor
in transfection. Themp2 enhancer was similar in behavior to monal dependence on a cellular gene (Stavenhagen and Robi
imp1, conferring both androgen and glucocorticoid induction in 1988). An androgen-responsive enhanceBlpfwas localized 2 kb
one fragment context and an androgen-specific response in amgpstream of the transcription start site by several criteria: positior
other. In contrast, thenp3 enhancer allowed high expression in of male-specific DNase | hypersensitive sites (Hemenway anc
the absence of hormone and was less responsive to steroids Robins 1987), hormone-dependent activity of a DNA fragment
general and androgen in particular. These three proviral elemenfsom this region in transfection assays (Loreni et al. 1988), anc
define a small family of steroid responsive proviruses in the mouseabrupt sequence divergence of this region from the correspondin
genome, and at least one member has had a lasting impact on #ank of the homologous but not hormonally regulated adjaht
endogenous gene’s regulation. gene (Stavenhagen and Robins 1988). The enhancer proved
reside within the 5LTR of an oppositely oriented provirus, whose
full-length reveals vestiges of a C-type retrovirus, most similar to
) the MuRRS (murine retroviral-related sequences) family (Schmid;
Introduction et al. 1985). Sequence data, including divergence of the two LTRs
suggest that this element inserted millions of years ago and i
Retroviral-like elements have had a significant impact on the eutinked to Slp in all lab mouse strains (Stavenhagen and Robins
karyotic genome, as demonstrated by the vast number and varietyogsg).
of repetitive chromosomal sequences derived from the conversion  Given the effect of th&lIp provirus in altering gene regulation
of RNA to DNA. In addition to a large effect on overall genome in an evolutionarily stable manner, we were interested in the gen
structure owing to this bulk of repetitive DNA, retrovirus-like erality of this event. Therefore, we sought closely related provi-
elements themselves provide a rich source of genetic variation anlises that might similarly impose androgen-dependent regulatio
potential for mutation of host genes. Examples of their effectson neighboring genes. In a stringent screen, two additional retro
underlie phenomena as diverse as color variegation in maize (Mairus-like sequences were isolated from a mouse genomic library
Clintock 1956), hybrid dysgenesis in Drosophila (Bingham et al.One element is highly similar to tH&lp provirus, even in so far as
1982), and several instances of mammalian oncogenesis (Haywaf@ insertion into a B1 element. While its enhancer is somewha
et al. 1981). weaker than that of th&lp provirus, it retains preference for in-
In both human and mouse genomes, endogenous provirusefction by androgen. The LTR of the other element isolated is
and retrovirus-like elements number several thousand (Coffirmore divergent in sequence; the enhancer region of this elemel
1984; Larsson et al. 1989). Integration of these elements oftegonfers much higher basal transcription in transfection, with less
disrupts endogenous gene expression, such as in the mouse dil{grmonal response above this level. These elements provide &
and hairless loci that are inactivated by Moloney murine leukemiagpportunity to find evidence of further influences on the mouse

virus (MuLV; Jenkins et al. 1981; Stoye and Coffin 1988). Other genome, and to ask whether their regulation is evolving towards o

insertions lead to gene activation, such as the classic example @fyay from androgen-dependence.

c-myc activation in ALV-induced lymphoma (Hayward et al.

1981). While many examples of effects on gene expression have .

been noted, few cellular genes have been found stably associatdfterials and methods

with retrovirus-like elements that influence their expression. This

may be because most such insertions are deleterious or inherentfhyNA probes.Proviral DNA fragments for genomic library screening and
Southern blot hybridizations were as follows. The LTR probe was a 500-by

E— Dde fragment encompassing most of thé I5TR of the Slp provirus,

Correspondence tdD.M. Robins extending into thgag5’ untranslated region. The enhancer region probe
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was the 160-bp @2 fragment excised from a pGem3 subclone as a  3' «— 5'
180-bpBanHI-Sad fragment. A 250-bpXhdl fragment within theenve- env pol gag
loperegion of the provirus was used as #evprobe. All fragments were : N ‘ '
imp1 B0 T A5kb >30kb 15kp

electroeluted from agarose gels and labeled witfP-dCTP by random .-
priming with hexamers.

N—3
Southern blottingMouse genomic or phage DNAs were digested with ._@}I-.

2-5 U restriction enzyme pgrg DNA, fractionated by electrophoresis C'A2
through agarose gels, and transferred to Gene Screen Plus (NEN) ¢ -2067 -1904 C'A9
Zetaprobe (Biorad) membranes. Mouse genomic blots were hybridized &. -2024

68°C for 12-16 h in 0.2 NaHPQ, (pH 7.5), 7.0% SDS, and washed to  Fig. 1. The Slplocus. The provirus upstream 6ipis shown as arranged
final stringencies of 0.5, 0.2, or 0.1 x SSC, 0.1% SDS, at 72°C, as indicatedjithin the mouse major histocompatibility complex (not to scafp.and
in figure legends. Phage blots from which restriction maps were con-C4are tandemly duplicated genes, more than 95% identical in nearly 20 kl
structed were hybridized at 65°Crf2 h in RapidHyb solution (Amersham)  of sequence (Ogata and Zepf 1991). The provirus, nicknamed (for
and washed at 72°C in 0.1 x SSC, 0.1% SDS. imposon}, is oriented opposite to th8lp direction of transcription. The
hormonally responsive enhancer region characterized within'th&® is

. . o ) diagrammed below, showing several nonreceptor factor binding site:
Library screening.A genomic library il\EMBL3 was constructed from  epyj Fplv), as well as the hormone response elements HRE-1 (a half-sit
B10.BR mouse liver DNA partially digested witalBA. For screening,  designated by an arrow) and HRE-3 (a palindromic consensus elemer
appromma@ 8 x 1(F plaques were |mmob|||z_ed on _nltrocellulos_e filters  ingicated by the double-headed arrow). The 160-bp enhancer fragmer
(Gelman Sciences) as per manufacturer's instructions. The filters wergA2 responds to glucocorticoid as well as androgen receptor, whereas tt
hybridized with the three proviral probes (LTR;A2, eny) or Slp cDNA 120-bp subfragment @9 specifically responds only to androgen, as does
in4 x SET (1 x SET is 0. NaCl, 60 mu Tris-HCI, pH 8.0, 4 nm EDTA, the Slp gene in vivo.

pH 8.0) 5 x Denhardt’s, 0.1% SDS, drl x NaPi/PPi at 68°C overnight.

Washing was at 70°C in 0.1 x SSC, 0.1% SDS. Overnight exposures to

Kodak film at -70°C were sufficient for detection. Plaques that were Results

positive with the three proviral probes but riélp cDNA were purified for

further analysis. The provirus upstream of the mouSép gene is unusual in two

regards. Firstly, it appears to have been maintained after chromc
somal integration over evolutionary time, because the associatio

niatis et al. 1982). 2.g of DNA from each phage was digested wiganHl| with Slpis evident in al.l inbred lines (.)f mice, and th? Sequences of
or Bglll, followed by Sal, separated on a 0.7% agarose gel, and transferreothe 5 ar_1d 3 L.TRS’ which should beoldentlcal following retrOVIraI_
to Zetaprobe membrane with a Hoefer Scientific vaccublotter. Blots Wererepllcatlon, diverge by at_ least 5% (Stavenhc’_;lgen and Robin;
baked at 80°C under vacuum, probed withA2 at 65°C fa 2 h in 1988). Secondly, the provirus appears to have imposed hormon
RapidHyb solution (Amersham), and washed as before. For each phage, thégulation onSlp expression, because it is found associated with
BarHI or Bglil fragment with homology to @2 was subcloned into androgen-dependent, but not androgen-independptalleles
pGem4 (Promega). These and other phage subclones were sequenced wWiBtavenhagen et al. 1987), and an androgen-responsive transcr
Sequenase, version 2 (USB), with either commercial T7 and SP6 primerional enhancer has been defined within itsLIR (Adler et al.
or primers synthesized complementary to regions of the inserts based op991). A diagram of the provirusmp1,in relation toSlp and its
obtained sequence. Sequence comparisons were made with the NIH, Ncﬁbmologous neighbo€4 is shown in Fig. 1. CA2 is a fragment
Blast system (Altschul et al. 1990). from the proviral enhancer region that confers steroid responsive
ness on heterologous reporter genes in transfection; 'the §ub-
Reporter constructs and transfectio@onstruction of CA2tkCAT fragment is selective in response only to androgen (Adler et al
and CA9tkCAT has been previously described (Adler et al. 1991). The 1992).
fragment equivalent to @2 from imp2 was obtained as aApa-Hinfi To demonstrate further the antiquity of this proviral insertion,
fragment, like CA2 itself, and inserted into the pGem3-tkCAT vector \ye examined Southern blots of DNA from several wild-derived
(Eta;enhagep et al. 1987) atI tEIsmalsiteaThﬁ equiv?legt fra%r?fent fromf mice (Fig. 2). CA2 was used as a probe to reveal a subset o
the 3 LTR of implwas similarly cloned. The single base difference o L . . .
imp2 within the HRE-3 sequence was introduced inttAZ, C'A9 and poten_tlally hormone-responswe_ eleme_nts. The ”ght. lane of F'g.' ‘
other constructs by PCR-mutagenesis with the T7 primer and the HRE-§ONtains Bl,O'DZ ,DNA’ from Wh',Ch we first characterized genomic
mutant oligonucleotide (HRE'3 TAGAGGATCCCCCTGAAA clones of this region; arrows indicate the 2.9-kb and 3.£_lBkaI
TAGCCTG. Resulting fragments were digested waéinHl andSad and ~ fragments that encompass thé &d 3 LTRs, respectively, of
inserted into the similarly cleaved tkCAT vector. To examine separatelyimpl.The 2.9-kb fragment has one terminus within theiBtrans-
the functional effects of differences between the foop LTRs, fusions  lated region ofSIpand the other in thgagregion of the provirus,
were created via #lami site in the enhancer (at base 175 of the LTR, with 1.8 kb ofSIp5' flank in between (Stavenhagen et al. 1987).
between the 12-b insertion and the 14-b deletiomgf2,and conserved in  These two bands, and additional hybridizing fragments, appeare

all four LTRs) and theBgll site in the ampicillin resistance gene of the imilar in DNA from twot locus strains. These strains were of
plasmid (see Fig. 7 for diagrammatic representation of the recombinants), . " o .
An Apad-Hinfl fragment ofimp3, subcloned intoSma-cleaved tkCAT, hterest because their Chr 17, whetp resides within the major

generated a @9-like construct. A CA2 equivalent fromimp3 was ob- histocompgtibility complex, is nonrecombinogenic owing to sev-
tained from this latter construct by joining théam-Bgll fragment con-  €ral large inversions and may represent a more anbleistchro-

Phage characterizationPhage DNA was prepared as described (Ma-

taining the 3 region of the enhancer through the CAT gene, toNtzami- mosome (Hammer et al. 1989). Commensal mouse strius (
Bgll fragment of CA2 containing the 5end of the enhancer. All recon- musculus, M. molossinugnd M. castaneus also showed the
structed enhancers were sequenced for correctness. 2.9- and 3.8-kb bands suggestive iofpl association withSlp;

Receptor expression vectors used in these experiments were mouse Aiywever, there were differences in other fragments that cross
and rat GR, originally obtgined from D. Tindall and K. Yamamoto, re- hybridized. The more distantly related aboriginal spediéshor-
spectively, and subcloned into p_CMVS (Andersson et al. 1989). The ma'n}ulanusand M. spretusalso shared thimpZ-specific 2.9-kb frag-
tenance of CV-1 cells, transfection by DEAE-dextran, and performance Oment but diverged in hybridization pattern elsewhere. Even the

CAT assays were all as described previously (Adler et al. 1993). Briefly, . . S > -
transfections contained g reporter plasmid, 300 ng receptor plasmid, mice most distantly related . domesticusn this panel.cervi-

and receptors were activated with 10 dihydrotestosterone for AR or ~ color and cooki, evidenced what may b8lp proviral bands, but
10° M dexamethasone for GR. All data points are derived from three todiffered substantially in other hybridizing fragments. In sum, this
five independent transfections. corroborates DNA sequence analysis suggesting that the provirt
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Fig. 4. Three similar proviral elements within the mouse genome. A com-
COM. ABO. FAR INBRED posite restriction map dfp1 (Stavenhagen and Robins 1988) and the 5

Fig. 2. Presence oimpl-related proviruses in wild-derived and divergent end of Slp (Hemenway and Robins 1987) are shown in comparison with

mouse species. g of DNA of each of the mus species or strains were maps of the phage inserts containing partial copiesngi2 and imp3.

restricted withBarrHI, electrophoresed, and transferred to nitrocellulose asRestriction sites are shown féanH! (O), Bglil (0), EcaRI (), HinDlIl

in Methods. The mice are grouped by commensal species (COM.), aborigi®), andPst (H).

nal (ABO.), distantly-related (FAR), or inbred lines. The blot was probed

with the CA2 fragment of themp1LTR and washed to a final stringency

of 0.2 x SSC at 72°C. The arrowheads indicate the 2.9- and 3BBakibi|

fragments that encompass thead 3 LTRs, respectively, ofmpi. apparent with the Q2 probe. The library was first screened for

clones that hybridized to a 500-bp fragment encompassing th
impl 5’ LTR. These phage were then rescreened withean
LTR ' fragment to insure obtalnlng retrowral-llk_e elements, gan_d a_t high
C'A2 b stringency with CA2 to isolate elements with greatest similarity to

AIIO:5 AN 0:e 5 2Ll 0.2 RS SN2 the hormone-responsive enhancer. The plaques were also count
N D_2E E_R'E B_HE D2 BR BR D2 BR BR screened witlSlp cDNA to identify re-isolates ofmp1.
BEBE E BEBE BE . L ) ;
_ Two phage meeting these criteria, dublrg2andimp3,were
2 d ;.: : . analyzed further; restriction maps of their respective 16- and 23-kl
il - phage inserts are compared in Fig. 4 with the origingh1 and
.‘ | '. Slp. Southern blotting and partial sequence analysis of the insert
i showed that each phage contained a single LTR and various e
uel® 3 . tents of proviral coding regions. No matches to known genes in the
Y e database were found on the basis of preliminary analysis of nonr
- & ® viral regions of the subcloned inserts. These LTRs accounted fo
- prominent bands that hybridized td &2 at high stringency (Fig.
23 - 3). Theimp2LTR is encompassed by a 6.6-BanmHI and an 8-kb
20 - EcoRl fragment, themp3LTR is within a 3-kbBanHI and a 2-kb

EcaRlI fragment, and thenplLTRs, as described before, account
Fig. 3. Numerous genomic sequences similaimpl suggest a family of for the 2.9- and_ 3'8'k_Ba_m_” fragments, with the entirenpland
related proviruses. B10.D2 and B10.BR mouse DNAs {t0each) were ~ SlPgene contained within a 30-kecoR| fragment. Thus, from the
restricted withBanHI or EcoRl, electrophoresed, and transferred to nitro- Southern blot data, we appear to have isolated the two proviruse
cellulose. Separate filters were probed with a 500-bp fragment encompas#l the genome most similar to the imposon.
ing the B LTR, a 160-bp fragment of the enhancefA2, or a 250-bp The degree of similarity was assessed by sequence comparist
fragment from theenvregion, and were washed with either 0.5 x SSC or of the LTRs ofimpl, 2, and 3 (Fig. 5). As noted previously
0.2 x SSC, 72°C, as indicated. Dots around the filter of B10.BR DNA (Stavenhagen and Robins 1988), thesd 3 LTRs ofimp1differ
probed at high stringency with ‘@2 indicate fragments containingp from each other by 5% in single base changes, by a 12-bp additio

LTRs described in the text, and are similarly marked on the panel probe g :
with the LTR where these bands have greater intensity among other h % the 3 LTR relative to the SLTR, and by 9 bp in the 5LTR

bridizing fragments. Double dots indicate a doublet containing the 2.9- anc§hat are n_ot pr_esent in thé BTR. I_ntrlgumgly,_ the 3 LTR ofimp2
3.0-kbBarH| fragments ofimp1 andimp3 (see text). Is nearly identical to the’d TR of imp1,differing only in one base
(position 78 of the LTR) and lacking 14 bp more centrally. The 5
LTR of imp3shows more extensive scattered base changes, abo
upstream ofSIp inserted several million years ago in mouse evo-12% relative tdmp1, prior to extensive loss of similarity at theé 3
lution. The constancy of the 2.9- and 3.8-kb fragments relative teend of the LTR. Thamp3 LTR is similar toimp2s 5’ LTR in
other hybridizing fragments suggests that the arrangement of thigcking the 12-bp insertion of botimpl andimp2 3’ LTRs, and
chromosomal region may be conserved for some reason. contains the 9 bp missing from the tw6 BTRs. The differences
Stringent hybridization with the ‘@2 enhancer fragment of of these LTRs within the Q2 enhancer region are diagrammed in
impl revealed a limited number of cross-hybridizing elements.Fig. 5B.
This was in contrast to hybridization with the entire LTR, which In view of the surprising similarity of the’3.TRs ofimpland
even at high stringency hybridized to many bands (Fig. 3). Wemp2,which is greater than the similarity @hpls 3’ LTR to its
hypothesized that sequences most similar tAZrepresent hor- own 5 LTR, these elements were compared further with respect tc
mone-responsive, proviral LTRs that might be androgen specific irinternal proviral coding regions and to chromosomal sequences ¢
their response. To isolate such elements, we screened a genontite insertion sites (Fig. 6). A 180-bp sequencenop2 from the
library from the B10.BR strain, which is congenic to B10.D2, end of the phage insert aligned with theehd of thepol gene of
differing only within the MHC region. No significant differences impl (Fig. 6A) and showed significant base difference (nearly
in the hybridization pattern of these two strains were evident with20%), confirming that these elements are distinct and not nearl
three proviral probes (Fig. 3), and a discrete subset of bands wadentical recent insertions. Both elements inserted into B1 repeti
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A.

5'LTR TGTAAGGTAAGAAATTTAAGTT’I‘GACCCCCATAGACCAAGTTAGAGCCAAGAAAGMAAA
3LTR
imp2
imp 3

61

Mami

121

caoy ca2y

TTGAGAACH * * *** % % % * * * CAGGGAGTTTCCCCTTGTGATTTTTAGTTCCCCCTTGTGA

181

TTCTTCACTGGTATTTTCAGTATTTTECAATAACACCCTCCCTACCCCCTTGGGTTATAG

__________ KA KKK KR K o

241

KRR R KA H

301

G
C---*-----T-A--T-G--GACG-G-"

GGGGATACAATTCGGCCCCAGTGCGCTGGTTCCTGT@CTTGTGCAATTGCAGC

361 -C-T---*

41

481

A--ACA-GGGGGAGTCTCACTTT---GG-~

. HRE1 __ HRE3
C'A2 (== (FPv)> <]
(imp1, 5' LTR
) ce
imp1, 3'LTR
12 bp insertion
imp2, 3'LTR n
14 bp deletion

VAN T

imp3, 5'LTR e p i IO

Fig. 5. Comparison of LTR sequences and enhancer regi@hs.The
DNA sequences of the LTRs @hp2andimp3aligned with the 5and 3
LTRs ofimp1.Numbering is shown for thenp15’ LTR, with 1 being the
first base proximal tdSIp. Dashes indicate identity, and asterisks denote
missing bases. Large arrowheads indicate the limits of tie?@nd CA9
enhancer fragments, horizontal arrows indicate HREs, and a bar indicat
the FPIV binding site. Boxes mark conserved CAAT, TATA, polyadenyl-

ation elements(B) Schematic comparison of the enhancer fragments.

Functional elements within the 160-bpA2 fragment of thempl5’' LTR
are shown, with the 40-bp shorter A9 aligned below. These fragments
are drawn in their orientation to tf&pgene, that is, inverted with respect
to the LTR sequence above. Tingp13' LTR has a 12-bp insertion relative
to the B LTR; theimp2 3’ LTR has this same insertion, a 14 bp deletion
and a single base change within HRE-3. Timp35' LTR has scattered
base changes throughout and lacks the insertion found in the’tWbRss.
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A.

impl
imp2

4637

TGATGCTGTTCTTTCTAAACCCCTGGTT * GCCCATTTAAAGGCCCTTGAGGTGAGACGCC
--C-CGAT-CA-C-G---=-~=~~~ C==Tommmmm e *emem R *

AAGCCTGGGAACAACTGARAGA* GGCCTATGAG * ACTGGGA* GTCCGRACATGCCCC " AC
Y Tomm*ommm o R oo mmmmmm oo A--

4692

Slp 5°
imp2

-2208

CAGTTCCAGGTCA* GAGA* CACTGTCCTAGT * CC * GACACCATCAAGTGGGGAATCTGGA
TA==mmmmmmmm A--AG-A---TC--TCA-=-C~======~

CTTGCTTGGAAAAGTCCATGCTGTGTGAGCATGGGGGCCTGAGCGAGCTGCAGTCCCGGC
T-CAGACCTGCGGACGTC-CG-AAAGATC-TCTTTTTAGACT-G-CCA--AC--AGT--~

ACCCCCATAAGCTGAG’CACAGTGAGblbLL1bbuALLLLLbLulehAAGTCAGGAGAG

-2148

-2088

-2028

-1968 CCAGGCTACACAGAGARACACTGCCTCAAAAAATAAAA

- B A--=A-=-A

Proviral Insertion

Fig. 6. Comparison ofmplandimp2proviral and flanking sequenceg\)

Bp 4578-4748 (with respect to the first base of the.5R) of impl (top
line) are aligned with the similar region @hp2 below. Dashes indicate
identity, asterisks are missing bases, and different bases are writ(&) in.
Slp5’ flank is shown, numbered similarly ©4 5’ flank (that is, excluding

the 6027 bp ofmp1), to the point of insertion ofmp1. The chromosomal
sequence adjacent to thé [3TR of imp2is aligned to reveal similarity of
the insertion into a B1 repetitive element (B1 sequences are bold), witt
further sequence similarity beyond, prior to complete divergence.

ments (Robins and Samuelson 1992). Further examination of thes
two genomic regions may unravel what appears to be a nonhc
mologous recombination event(s) subsequent to proviral integra
tion (see Discussion).

Sinceimpls enhancer confers androgen dependenceSipn
expression (Adler et al. 1991), we asked whether similar DNA
sequences dmp2 andimp3 had the capacity to confer hormonal
response on heterologous genes in transient transfection assa
Analysis of themp15' LTR has revealed that several elements are
involved in hormonal response, including a near-consensus hol
mone response element (HRE-3), an HRE half-site (HRE-1), an
multiple DNA binding sites for nonreceptor transcription factors
(Fig. 1). The nonreceptor factors, rather than the receptor bindin
site itself, determine the hormonal specificity of the enhancer: in
the context of CA9, the enhancer can be activated by androgen bu
not glucocorticoid receptor (AR, GR), wherea8A@ can respond
to both receptors (Adler et al. 1992). The region 6A€ lacking
from C'A9 (FPIIl) confers a high basal (uninduced) expression anc
allows activation by GR as well as AR (Scheller et al. 1996). Of
the nonreceptor binding sites within the androgen-specifit9C
subfragment, FPIV appears crucial on the basis of in vivo foot-

é)srlntlng data (Scarlett and Robins 1995).

Fragments equivalent to’'®2 and CA9 were obtained from
implandimp2s 3’ LTR andimp3s 5 LTR with conserved re-
striction enzyme sites, or were created by fusing portions of the
other LTRs with CA2 or C'A9 at the conveniently locatedaml
site (see Methods). The single-base T-to-C difference within the
HRE-3 ofimp2was introduced in some plasmids with a mutagenic
oligonucleotide. This set of enhancers driving the tkCAT reporter
gene was transiently transfected into CV-1 cells, along with ex-
pression vectors encoding AR or GR, and incubated with or with-
out the appropriate hormone for 44 h. CAT activity in cell lysates

tive elements (Fig. 6B), with some further sequence similarity inwas determined as percentage conversion of input chlorampher
the chromosomal sites prior to abrupt divergence. The B1 seeol to the acetylated form, for three independent transfections. Th
quences themselves are not identical, and it is not without precedistogram of Fig. 7 shows CAT levels in the presence of hormone
dent for retrotransposons to insert within other transposed elebasal activity of the plasmid in the absence of hormone and folc
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Fig. 7. Hormonal response of LTR fragments. The
160-bp CA2 fragment ofimpls 5' LTR has a

% CONVERSION with hormone % conversion _FOLD moderate level of expression in the absence of
C'A2 , 20 | 4 e wihouthomone INDUCTION 0006 that is inducible by either androgen or
) ) AR 5.4% 6.6 glucocorticoid. In contrast, the 120-bp &9
imp1 (51LTR) B (@& == 39 fragment has undetectable basal expression and
o responds strongly and specifically to androgen.
imp1 (3LTR) — 2.4% 1.1 Comparable fragments of the othietp LTRs
4.4 cloned before the tkCAT reporter gene were tested
imp2 1.5% 95 in transient transfection into CV-1 cells with
N 1.7 receptor expression plasmids (AR, GR). Constructs
are depicted diagrammatically on the left and their
impIHRES' — 5.8% 22 construction described in Methods. The triangle
(5LTR) e ’ indicates the 12-bp insertion, the dotted line a
) ) Mami 18.4% 3.6 14-bp deletion, the T-to-C shows the single base
Imp1+imp3  ——bex—me—ex 35 change in HRE-3, and the Xs ovienp3 sequences

connote significant sequence divergence. Induced
C'A9 levels of CAT activity and standard error of the
imp1 GLTR) === 0.6% 737 mean are shown as percentage chloramphenicol
1.8 conversion for three independent assays (S.E.M.
) ) 2.39% 10.3 indicated), with hatched bar indicating
imp1+ imp2 08 dihydrotestosterone-induced level and gray bar
showing dexamethasone-induced level. Expression
imp1.HRES3' 1.0% 68.4 in the absence of hormone and fold induction are
1.1 shown in columns to the right; the inductions for
. o C’A9-like fragments are generally higher than for
imp3 0.7% 13‘3 C’'A2-like fragments owing to lower basal

expression of Q9.

induction (activity with hormone relative to without) are tabulated heritably associated with cellular gene regulation (Stavenhage
to the right. and Robins 1988). New patterns of expression for the rat onco
Most C'A2-like enhancers (the upper four shown in Fig. 7) modulin gene (Banville and Boie 1989), a placenta-specific mouse
showed expression in the absence of hormone significantly greatefene (Chang-Yeh et al. 1991), and the human amylase gene (Tir
than that of the tkCAT reporter without an enhancer (about 0.6%et al. 1992) are also now correlated with insertion of retrovirus-like
conversion under these conditions). These enhancers were mode@flements. Although these known instances are few in number, th
ately inducible, with androgen eliciting about a two-fold greater phenomenon may be more widespread, since it is estimated th
response than glucocorticoid. Thel3TR of imp1,differing solely  more than 10% of the mammalian genome originated from revers
by the 12-bp insertion, had lower uninduced expression than'the ranscribed sequences (Nouvel 1994). Further, as many as 5%
LTR, but attained similar induced levels of expression. Therecessive mutations in inbred mice may be due to proviral inser
equivalentimp2 fragment had lower basal expression and wastjons (Stoye and Coffin 1988). We have explored the importance
induced by androgen nearly tenfold, but was less than twofoldyf retrotransposons in emergence of new regulatory networks i
responsive to glucocorticoid. Interestingly, when the T-to-C bas&yo|ytion by first isolating elements similar tmp1 and then as-
change within HRE-3 was placed in the context of the originalgessing their potential for genomic impact by their hormonal in-
C'A2 (implHRES3), the effec_t was to Qecrease |nduc_t|0n by both 4,ction of a reporter gene in vitro.
hormones. In sharp contrastitoplandimp2,the CA2-like frag- The usefulness dMmp1lto probe for additional elements influ-
ment ofimp3 (constructed witimp1 sequences at the 8nd by ancing genomic expression and evolution resides in both its ag
fusion at theMam site) had a very high level of expression in the gnq the precise type of regulation conferrdp®'s antiquity dem-
absence of hormone and was induced about 3.5-fold above that Rystrates at least some capacity for chromosomal stability, wherez
either steroid. ) , . more recent integration events may not be ultimately heritable
_ By comparison with CA2, C'A9 has negligible basal expres- That the chromosomal insertion whp1 occurred several million
sion and is exquisitely sensitive to androgen but not glucocortl-years ago was first suggested by sequence variation between
coid. Introduction ofimp2s single base change in HRE-3 into the | TRg (Stavenhagen and Robins 1988) and is supported here &
context of CA9 had little significant effect, whereas conjoining hybridization to DNA from divergent mouse species. The occur-
this with the 14-bp deletion increased the uninduced level of €xyence in feral mice of a fragment similar in size to the one in lab
pression and_ reduced maxnmal activity obtainable with androgengirains that spans thimp1-Slpintervening distance suggests that
However, nelth_e_r of these dlffere_nces altered the fundamentallyp;s gene arrangement existed prior to the separation of commens
androgen-specific response of this fragmemtp3, on the other 514 aporiginal species, estimated at 3-6 million years ago (Ferri
hand, showed markedly better induction by glucocorticoid than byt 5], 1983). Similarly, ancient insertions that have acquired inte-
androgen as the truncated® fragment, with low basal expres- gya| functions in higher genomes include a novel repetitive ele-
sion as anticipated from the deletion of theAG-specific 3 end.  ment that is part of the coding sequence of human transaldolas
Integrating these data suggests thap2, like impl,is a weak  (ganki et al. 1994) andopialike elements found in the flanking
enhancer in the absence of steroid, and shows a strong preferent@lgions of plant genes (White et al. 1994). These insertions ma
induction by androgerimp3, on the other hand, is a strong general gitter in some way from the majority of currently active elements,
enhancer, moderately inducible by steroid, with no preference fog,cp, ascopiain Drosophila or Moloney leukemia virus in mice,
androgen induction. that cause many spontaneous mutations but are not found stab
associated with endogenous gene expression (Bingham and Zact
Discussion 1989).
The two additional elements isolated in this screen account fo
The provirus upstream of th®lp gene,impl, provides an intrigu-  prominent restriction fragments on high-stringency genomic
ing example of a mammalian retrotransposon that has becom®outhern blots. It is likely that unassigned bands on the blot rep
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resent the additional LTRs @ahp2andimp3that are not contained the reduced steroid response in general and the loss of preferent
in the phage inserts. Thus, it seems that the criteria of this screeactivation by androgen receptor. In contrast, the single-base dif
isolated the two closest relatives infipl and define a small pro- ference in HRE-3 betweeimpl and imp2 has little effect on
viral family. The origin of these elements, their relationship to differential activation by androgen versus glucocorticoid receptor
each other, and the precise time of their chromosomal insertioand the additionamp3difference, based on position, is unlikely to
cannot be determined without further sequence and phylogenetignderlie the reduced response of that enhancer (Nordeen et ¢
comparisons, and particularly without obtaining the missing LTRs.1990). These natural enhancer variants may prove useful in eluc
Intriguing paradoxes are apparent, however. Most particularly, thelating further the requirements for androgen-specific activation, a
3’ LTR of imp2is more similar to the 3LTR of implthan the they appear to distinguish between reduced specificity and reduce
impl3’' LTR s to its own B LTR. The sequence similarity extends expression in general.

past the B1 element insertion site, but then abruptly breaks, and the Among this family of elements, so far onignplis associated
pol regions ofimplandimp2diverge significantly. This suggests with expression of an endogenous gene, and whether the particul.
that a nonhomologous recombination event (perhaps gene converegulation conferred is an advantage or is simply neutral in evo
sion) encompassing the’ £TRs occurred at the chromosomal lution is not yet apparent. A possible influence on reproductive
level subsequent to integration. Recombination may have beebehavior of the mouse could arise from greater diversity of secre
accelerated by homology of B1 elements, just as many mutationtory proteins in urine. Alternatively, the androgen specificity may
are caused by illegitimate recombination between the analogouadvance the selfish goals of the proviral elements, as efficien
human Alu sequences (Deininger 1989). In contrast, the scatterdubrizontal and vertical transmission could be accomplished by
12% base difference between tingp3 andimpl LTRs suggests a expression in the testis. Sina@pl andimp2 are androgen spe-
divergence time of several million years and supports the idea thatific, andimp3is not, further investigation may resolve whether
these elements are vestiges of an ancient retroviral infection. Isdhese elements are evolving towards, or away from, hormons
lation of additional flanking sequences, as well as the missingspecificity. Regardless of the direction, this may clarify the extent
LTRs, may illuminate the complex origin and relationship of mem- of co-evolution of retroviral and host genomes.

bers of theimp family.
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