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Androgen control of the RP2 gene in the mouse kidney has been modified during evolution. In inbred mice
(Mus domesticus), the concentrations ofmRNAs encoded by RP2 undergo a 10- to 12-fold induction in response
to testosterone; in other Mus species (e.g., Mus hortulanus and Mus carol), induction ranges from none to
about two- to fourfold. In this communication, we show that androgens induced RP2 transcription in M.
domesticus, although this induction may not have fully accounted for the increase in mRNA levels. Reduced
mRNA inducibility in M. hortulanus and in several other species was associated with an absence of
transcriptional induction. Analysis of an interspecies backcross population indicated that the difference in RP2
inducibility between M. domesticus and M. hortulanus was due to a single Mendelian locus tightly linked (0 of
47 recombinants) to RP2. The RP2 gene was found to contain at least two promoters, only one of which was
highly sensitive to testosterone. These results indicate that induction of the RP2 mRNAs, as well as interspecies
variations in RP2 inducibility, are primarily a consequence of effects on this promoter.

The evolutionary process results in the generation of
interspecies variations in gene expression (12, 13, 23, 33).
These variations derive, presumably, from mutations in
regulatory elements. The study of naturally occurring alter-
ations in gene expression not only allows identification of
these elements but also generates insights into the changes
that the elements undergo during evolution. The mouse
(genus Mus) has become useful for studies of mammalian
gene regulation and evolution. A large number of well-
characterized species (5-7) provides a pool of variability that
has accumulated over a 10-million-year period. Indeed,
considerable variation in gene activity has been identified
among these species (2, 11, 16, 25, 29).
Gene expression in the mouse kidney is regulated by

androgens. In proximal tubule cells, testosterone induces the
concentrations of a number of gene products; these induc-
tions occur primarily at the mRNA level (see references 9
and 30 for recent reviews; F. G. Berger and G. Watson,
Annu. Rev. Physiol., in press). The RP2 gene, which is
linked to Gpi-J on mouse chromosome 7 (14), has become a
useful model for androgen-modulated gene expression. RP2
encodes at least two mRNAs that undergo about a 10- to
12-fold induction in the kidneys of female mice treated with
testosterone (3, 26). These mRNAs, which differ in the
lengths of their 3' untranslated regions (18), encode a poly-
peptide of 357 amino acids in length as deduced from cDNA
sequencing (19). The function of the RP2-encoded protein is
not known.
Nuclear run-on assays have indicated that induction of

RP2 mRNAs, like the induction of several other androgen-
regulated mRNAs, is predominantly a posttranscriptional
phenomenon, occurring at the level of transcript processing
or stability (4). Recently, however, an in vivo assay has been
used to show that androgens increase RP2 mRNA synthesis
by about 3- to 4-fold (32), which suggests that hormonal
induction of transcription may account, at least in part, for
the 10- to 12-fold increase in mRNA levels. Since the assay
does not distinguish gene transcription from mRNA process-
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ing (32), the role of RP2 transcription in the induction is still
unclear.
Although RP2 mRNA induction occurs in all inbred

strains of Mus domesticus that have been examined (14; D.
Wilson and F. Berger, unpublished data), other Mus species
(e.g., Mus hortulanus and Mus caroli) show alterations in
the extent of RP2 inducibility (28). We have postulated that
induction of the RP2 mRNAs arose in two steps during Mus
evolution: acquisition of a modest 2- to 4-fold induction was
followed by amplification of the response to about 10-fold
(28). Since variations in other androgen-responsive mRNAs
do not correlate with that for RP2 (29), it is likely that
expression of each mRNA evolved independently. This
suggests that cis-acting, gene-specific regulatory elements
may be determinants of the evolutionary variations.

In this study, we examined RP2 expression, and the
interspecies variations in its androgen inducibility, in more
detail. We show that (i) in M. domesticus, androgen induc-
tion ofRP2 transcription does occur and accounts, at least in
part, for the increase in mRNA; (ii) reduced RP2 mRNA
inducibility in other Mus species reflects altered induction of
transcription; (iii) the difference in RP2 inducibility between
M. domesticus and M. hortulanus is due to a single Mende-
lian gene tightly linked to the RP2 gene; and (iv) RP2
transcription is driven by at least two promoters which differ
in sensitivity to hormone.

MATERIALS AND METHODS
Mice. Inbred M. domesticus DBA/2J mice were obtained

from Jackson Laboratory, Bar Harbor, Maine. M. caroli
mice were obtained from the colony of the University of
South Carolina or from Verne Chapman, Roswell Park
Memorial Institute, Buffalo, N.Y. M. hortulanus mice were
also obtained from V. Chapman.
A backcross population from an M. domesticus x M.

hortulanus cross was constructed and supplied by V. Chap-
man. Since these species do not interbreed in the laboratory,
artificial insemination was necessary. Female M. domesticus
ICR/Ha RP2d/d mice were inseminated with M. hortulanus
RP2h/h sperm. Resulting hybrid females were inseminated

477



478 RHEAUME ET AL.

pCR1

~~~~~~~~-of oAn

I / / / \ \ ...

\ , ,, NN\\ "

-
iI

pNO.4S pD2.15

FIG. 1. Structure of the RP2 gene. The four known exons of RP2, numbered I through IV, were deduced from hybridization studies with
cDNA clones and DNA sequence analysis (J. Tseng-Crank, unpublished data). The 5' end of RP2 was identified by King et al. (19); the
extreme 3' end of the gene, encoding the terminal 100 nucleotides of the mRNA, has not been cloned. The locations of regions corresponding
to genomic subclones used in this study are shown below the gene. The mRNA is indicated by a wavy line, and the region corresponding to
cDNA clone pCR1 is shown above it.

with M. hortulanus sperm to generate a small number of N1
backcross animals. The N1 animals were capable of breeding
with M. hortulanus; therefore, several N1 males heterozy-
gous at the RP2 locus were identified by analysis of tail DNA
(17) and mated to M. hortulanus females. Of the 66 N2
animals that resulted, 47 were treated with testosterone and
analyzed as described below; 19 untreated females were also
examined. Testosterone treatment was by subcutaneous
application of a 30-mg pellet for 1 week.

Nuclear run-on assays. Transcription rates in isolated
nuclei in vitro were measured as described in detail else-
where (24a). Briefly, nuclei were incubated in the presence

of [a-32P]UTP under conditions that allow the synthesis of
RNA. Labeled RNA was extracted, purified, and hybridized
to the appropriate plasmid probes immobilized on nylon
filters. After hybridization, filters were washed and observed
by autoradiography. Nonspecific background was measured
with pT3T7-18 or pBR322 DNA. The RP2-specific probes
were pCR1, which contains the 1.1-kilobase RP2 cDNA
insert of pMK908 (3) in pT3T7-18; pNO.45, containing a
450-base-pair fragment of the first exon of the RP2 gene in
pUC13; and pD2.15, which contains a 2.15-kilobase frag-
ment of the third intron of the RP2 gene in pT3T7-18. The
region covered by each of these plasmids is shown in Fig. 1.
Single-stranded probes were generated by subcloning plas-
mid inserts into M13mp8 or M13mp9 in both orientations,
using standard protocols.

Extraction and analysis of nucleic acids. Total DNA and
RNA were isolated from whole tissues by standard methods
(28). For Northern (RNA) blot analysis, 15 ,ug of RNA was

fractionated on 1.5% agarose gels containing 2.2 M formal-
dehyde and transferred to a nylon membrane. The mem-
brane was hybridized to an RP2 probe, which was usually
the purified 1.1-kilobase cDNA insert of pCR1 labeled by
nick translation. Hybridizing RNAs were observed by auto-
radiography. For Southern blotting, 10 ,ug of DNA was
digested with EcoRI, fractionated on 1.0% agarose gels,
blotted onto a nylon membrane, and hybridized to the RP2
probe. Hybridizing fragments were observed by autoradiog-
raphy.
cDNA cloning. Poly(A)-containing RNA from M. caroli

liver was used to prepare a cDNA library in XgtlO, using
procedures described by Gubler and Hoffman (15). Briefly,
first-strand cDNA synthesis was performed with Moloney

murine leukemia virus reverse transcriptase, and the RNA
template strand was converted into DNA with RNase H and
DNA polymerase I. The resulting double-stranded cDNA
was filled in with the Klenow fragment of DNA polymerase
I, ligated to EcoRI linkers, and chromatographed on a
Bio-Gel A-15M column (Bio-Rad Laboratories, Richmond,
Calif.). All enzymes were purchased from Bethesda Re-
search Laboratories, Inc., Gaithersburg, Md. Fractions con-
taining the longest cDNAs were pooled, ligated to XgtlO, and
packaged by using a Gigapak extract (Stratagene). Starting
with 250 ng of size-fractionated cDNA, we obtained 1.3 x
106 recombinant plaques. The library was screened by the
method of Benton and Davis (1), using the insert of plasmid
pCR1 as a probe. Positive plaques were purified, and the
cDNA inserts were subcloned into pT3T7-18.

S1 nuclease protection assays. A 129-base-pair PvuII frag-
ment (see text) was 5'-end-labeled with T4 polynucleotide
kinase; 10,000 cpm of probe (-1 ng) was hybridized to 100
,ug of total RNA in a 25-,ul reaction mixture containing 40
mM PIPES [piperazine-N,N'-bis(2-ethanesulfonic acid); pH
6.8], 0.4 M NaCl, and 1 mM disodium EDTA. After over-
night incubation at 50°C, 250 ,ul of 30 mM sodium acetate
(pH 4.75) containing 0.25 M NaCl, 1 mM ZnCI2, 5% glycerol,
and 150 U of S1 nuclease (53,000 U/ml; Pharmacia, Inc.,
Piscataway, N.J.) was added. S1 digestion (30 min at 37°C)
was followed by addition of 25 ,u of 0.6 M Tris hydrochlo-
ride (pH 8) containing 2% sodium dodecyl sulfate, 55 mM
disodium EDTA, and 0.2 mg of Escherichia coli tRNA per
ml. After phenol extraction and ethanol precipitation, the
RNA was suspended in 15 ,ul of deionized formamide,
heated at 65°C for 10 min, and subjected to electrophoresis
through a 10% urea-polyacylamide gel. After electrophore-
sis, the gel was soaked in 10% acetic acid for 30 min, dried,
and observed by autoradiography.
DNA sequencing. Sequencing was done by the chain

termination method, using modified T7 DNA polymerase, as
described in a kit from United States Biochemical Corpora-
tion, Cleveland, Ohio.

RESULTS

Androgen induction of RP2 transcription. Earlier studies
led us to conclude that androgen induction of several kidney
mRNAs, including those encoded by the RP2 gene, was
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FIG. 2. Nuclear run-on analysis of RP2 gene transcription in M. domesticus. Nuclei were isolated from kidneys of control (-) and

testosterone-treated (+) M. domesticus DBA/2J mice, and RP2 transcription was measure in vitro (see Materials and Methods). Genomic
subclones pNO.45 and pD2.15 and cDNA clone pCR1 served as probes; double-stranded plasmids were used to measure total transcription,
and appropriate M13 clones of inserts from these plasmids were used to measure sense and antisense transcription. Nonspecific background
hybridization (Bkgd) was assessed with pBR322 or pT3T7-18 DNA.

primarily posttranscriptional (4). This conclusion was based
on the lack of detectable androgen-mediated increases in
RP2 transcription as measured in nuclear run-on assays. The
kinetics of induction and deinduction after hormone admin-
istration and withdrawal, respectively, were consistent with
a major effect of androgens on mRNA turnover (4). Several
observations prompted us to reexamine this issue. First,
later nuclear run-on experiments, which made use of dif-
ferent methods for extraction and detection of specific RNAs
synthesized by isolated nuclei, consistently showed small
but significant increases in RP2 transcription. Second, Wat-
son and Paigen (32) measured an induction of RP2 mRNA
synthesis in vivo in response to androgens. Third, in unre-
lated studies we noted that specific regions within certain
genes were aberrantly transcribed in isolated nuclei, result-
ing in sense as well as antisense transcripts that did not
accumulate in the tissues from which the nuclei were derived
(24a); this phenomenon can be a source of error in transcrip-
tion rate measurements. We therefore repeated nuclear
run-on analysis of RP2 transcription, measuring both sense
and antisense transcription from several regions within the
gene.
Kidney nuclei were isolated from control and androgen-

treated M. domesticus DBA/2J. The nuclei were incubated
in the presence of [a-32P]UTP for 45 min, and the 32P-labeled
RNA was extracted, purified, and hybridized to RP2-specific
plasmids immobilized on nylon filters (see Materials and
Methods and reference 24a). The plasmid probes repre-
sented cDNA (pCR1) and genomic (pNO.45 and pD2.15)
clones corresponding to RP2 sequences (Fig. 1). Each plas-
mid hybridized to RNA that was synthesized at higher rates
in nuclei from androgen-treated animals (Fig. 2), which
indicated an effect of the hormone on RP2 transcription. It
was consistently observed that induction was greatest with
pD2. 15, which represents a subclone of the third intron (Fig.
1); induction measured with the cDNA clone pCR1 or with
the exon 1 subclone pNO.45 was always more difficult to
detect.
The differences in transcription induction measured with

the three RP2 probes might have been a consequence of
antisense RNA synthesis occurring within specific regions of
the gene, thereby obscuring sense transcription from these
regions. This possibility was tested by using single-stranded
probes, which were generated by cloning each of the RP2-
specific inserts into M13 in both orientations. For each
probe, sense transcription was induced in nuclei from andro-
gen-treated mice (Fig. 2). RNA hybridizing to pNO.45 and

pD2.15 was induced to a greater extent with sense-specific
than with double-stranded probes; however, as with the
double-stranded plasmids, the extents of inducibility were
not the same with each probe (compare pCR1 with pNO.45 or
pD2.15 in Fig. 2). Significant levels of antisense transcrip-
tion, which were generally refractory to androgen treatment,
were observed (Fig. 2).
We conclude from these results that RP2 transcription is

induced by testosterone. However, by densitometry we
were able to measure at most only a three- to fivefold
induction. Therefore, increases in transcription did not com-
pletely account for the 10- to 12-fold increase in mRNA. The
lack of observable induction in previous studies (4) was due,
at least in part, to the use of double-stranded plasmids,
which detected antisense transcription within the RP2 gene
and obscured the measurement of sense transcription. Fur-
thermore, plasmid pMK908, which was used in the earlier
work, contains the same cDNA insert as does pCR1 (see
Materials and Methods); pCR1 allowed barely detectable
levels of induction to be measured (Fig. 2).
Lack of transcriptional induction in species with low RP2

mRNA inducibility. Several Mus species exhibit reduced
RP2 mRNA inducibility in response to androgens (28). For
example, induction in M. hortulanus is only two- to fourfold
(28). To determine whether such variation reflects alter-
ations in transcription, kidney nuclei were isolated from both
control and testosterone-treated M. hortulanus mice, and
RP2 transcription was measured in the nuclear run-on assay.
Double-stranded probes, as well as sense and antisense
single-stranded probes, were used. No induction of RP2
transcription was observed in M. hortulanus (Fig. 3) even
with sense-specific probes. Considerable antisense tran-
scription was seen, paralleling that observed in M. domesti-
cus. Similar results were obtained for M. caroli and Mus
cookii (data not shown). Thus, variations in androgen-
inducible RP2 mRNA expression among Mus species reflect
changes at the transcriptional level. The lack of detectable
transcription induction in these species suggests that resid-
ual mRNA induction, which is as much as two- to fourfold in
M. hortulanus (28), may occur through a posttranscriptional
mechanism.

Evidence that the variation in inducibility between M.
domesticus and M. hortulanus is the consequence of a single
Mendelian locus. Because of its greater androgen inducibil-
ity, M. domesticus contains higher RP2 mRNA levels after
hormone treatment than does M. hortulanus (28). Segrega-
tion of the mRNA inducibility phenotype was examined in
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FIG. 3. Nuclear run-on analysis ofRP2 gene transcription in M. hortulanus. RP2 transcription was measured in nuclei from M. hortulanus
exactly as described for M. domesticus in the legend to Fig. 2. Bkgd, Background hybridization.

backcross animals derived from an M. domesticus x M.
hortulanus interspecies cross. Kidney RNA was extracted
from each of 47 testosterone-treated animals representing a
second backcross generation (see Materials and Methods),
and the RP2 mRNA levels were determined by Northern
blotting. Segregation of the RP2 structural gene was mea-
sured in the same animals. The M. domesticus mice used in
the cross carry the RP2d/d genotype (14); M. hortulanus
carries the RP2h/h genotype, which is distinguishable from
RP2d/d by Southern blotting of EcoRI-digested DNA (29;
Fig. 4).
The RP2h/d segregants (Fig. 5, lanes 1, 2, and 5) contained

higher mRNA levels than did the RP2hlh segregants (lanes 3
and 4). The high levels in RP2hl mice were intermediate
between those ofM. domesticus and M. hortulanus. The low
levels in RP2h/h mice were similar to levels in the M.
hortulanus parent. The correlation between the RP2 geno-
type and mRNA levels occurred in all 47 backcross progeny:
23 animals were RP2h/d and contained high mRNA levels,
while 24 animals were RP2h/h and contained low mRNA
levels. Thus, a single Mendelian locus is the primary deter-
minant of the difference in RP2 inducibility between M.
domesticus and M. hortulanus. This element is linked to the
RP2 gene itself.
There was no difference in RP2 mRNA expression be-

tween RP2h/d and RP2h/h segregants among 19 untreated
female backcross progeny (data not shown). This finding is
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FIG. 4. Southern blot analysis of the RP2hlh and RP2dld alleles.
Liver DNA from M. domesticus DBA/2J RP2d'd (lane A), M.
hortulanus RP2hIh (lane B), and a hybrid between the two (RP2h/d;
lane C) were digested with EcoRl and analyzed for RP2 sequences
by Southern blotting. The 1.1-kilobase RP2-specific cDNA insert of
pCR1 was used as a probe. Fragment sizes in kilobases (kb) are
indicated to the left.

consistent with the observation that basal RP2 mRNA
concentrations do not differ significantly between the spe-
cies. Therefore, the regulatory element that distinguishes
RP2 expression in M. domesticus and M. hortulanus specif-
ically controls hormone-inducible, but not basal, mRNA
expression.

Multiple promoters for the RP2 gene differ in sensitivity to
androgens. We initiated molecular analysis of the M. caroli
RP2 gene by isolation of a cDNA clone (pKB30) from a
AgtlO library. When the restriction map of the pKB30 insert
was aligned with that of M. domesticus (Fig. 6A), it was
observed that the 5' end of the former was 25 to 30
nucleotides longer than expected on the basis of the previ-
ously determined position of the +1 start site of the M.
domesticus transcript. Several explanations for this result
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FIG. 5. Cosegregation of the RP2 structural gene and the RP2
mRNA phenotype in an interspecies backcross. Five representative
progeny from the second backcross generation of an M. domesticus
x M. hortulanus cross (see text) were treated with testosterone. The
RP2 gene was analyzed in each by Southern blotting of EcoRI-
digested liver DNA (A); the RP2 mRNAs were measured by
Northern blot analysis of total RNA (B). The cDNA insert of pCR1
was used as a probe for both blots. Fragment sizes in kilobases (kb)
are indicated to the left.
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FIG. 6. (A) Restriction maps ofRP2 cDNAs from M. domesticus
and M. caroli. The M. dornesticus (DOM) map, representing the
full-length mRNA, was taken from published data (18, 19); the M.
caroli (CAR) map represents the insert of cDNA plasmid pKB3O
(see text). The two are aligned by restriction sites. A, + 1 start site
for the mRNA (19), which is extended by 25 to 30 nucleotides in
pKB30. Abbreviations for restriction enzymes: P, Pvull; 5, Smnal;
H, Hinfl; A, Accl. (B) Probes for Si1 nuclease protection. The 5' end
of the RP2 cDNA from M. domesticus (DOM) is shown from the
start site at + 1 to the Pvull site at +60. The 5' end of the M. caroli
(CAR) cDNA in pKB3O is shown from the Pvull site within the
cloning vector (- to the PvulI site homologous to position +60 of
the M. domesticus sequence. The 129-base probe used in Si
protection experiments is shown, along with the 86-, 79-, and
60-base protected fragments (see text). *, Protected end, located at
the Pvull site. Abbreviations for restriction enzymes: P, Pvull; N,
Nael.

are possible. The original assignment of the + 1 site, which
was based on primer extension assays (19), may be incor-
rect. Alternatively, the 25 to 30 extra nucleotides may have
resulted from some sort of cloning artifact. Finally, there
may be species-specific promoters driving RP2 transcription
and generating 5'-end variation.
To distinguish among these possibilities, we used the M.

caroli cDNA as a probe in Si nuclease protection assays. A
129-base-pair PvulI fragment, containing the extreme 5' end
of the cDNA, was isolated and end labeled. One end of the
probe corresponds to the PvuII site located at position +60
relative to the mRNA cap site (19); the other end is within
the multiple cloning site of the pT3T7-18 vector (Fig. 6B).
The probe was hybridized to total kidney RNA from control
and androgen-treated mice, digested with Si nuclease, and
subjected to polyacrylamide gel electrophoresis (Fig. 7).
RNA from control M. domesticus protected fragments of 86,
79, and 60 bases in length. The largest of these corresponded
to the entire cDNA probe from the PvuII site at +60 through
the extra nucleotides at the 5' end (Fig. 6B). The 60-base
fragment is expected for RNA that initiates at the + 1 site.
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FIG. 7. Results of S1 protection experiments showing that mul-
tiple promoters for the RP2 gene differ in sensitivity to androgens.
Total kidney RNAs from control (-) and testosterone-treated (+)
M. domesticus DBA/2J (DOM) and M. caroli (CAR) were hybrid-
ized to the end-labeled 129-base probe (Fig. 6B) and digested with
S1 nuclease; protected fragments were observed after gel electro-
phoresis and autoradiography. Pr, Probe; C, control containing no
added RNA. Sizes of the various fragments (in bases) are shown to
the right.

RNA from androgen-treated mice protected the same three
fragments, although at different relative levels. The 60-base
fragment was induced in response to hormone, whereas the
86-base fragment was repressed. These patterns were repro-
ducible and were observed with either total or poly(A)-
containing RNA. Thus, transcription of the RP2 gene is
controlled by at least two promoters that differ in sensitivity
to testosterone regulation. Hormonal induction of the RP2
mRNAs appears to be due to the promoter that drives
transcription from the + 1 start site (19).
S1 protection experiments were performed with kidney

RNA from M. caroli (Fig. 7). The pattern in untreated
animals was indistinguishable from that in M. domesticus;
androgens had only small effects on the levels of protection
of the three fragments. This finding is in accordance with the
mRNA inducibility phenotype in this species (28).
The most striking difference between M. domesticus and

M. caroli was the impaired hormonal induction of RNA
initiated at the +1 start site (i.e., that represented by the
60-base fragment). This was found for all Mus species
exhibiting reduced mRNA induction, including M. hortula-
nus, M. cookii, Mus saxicola, Mus pahari, and Mus minu-
toides (data not shown). Although alterations in the levels of
RNAs initiated at the other site(s) were consistently detect-
able, it is clear that the interspecies variations in RP2 mRNA
inducibility are primarily a consequence of effects on tran-
scripts derived from the +1 start site.
The sequence of the 5' end of the M. caroli cDNA insert

(Fig. 8B) was aligned with M. domesticus RP2 genomic
sequences from position -26 in the 5'-flanking region to the
PvuII site at + 60 (Fig. 8A). The two sequences were found
to be homologous between nucleotides -19 and +60; the
most 5'-proximal 7 nucleotides of the cDNA were not
homologous to sequences within this region of the gene or to
any sequences up to nucleotide -170. These sequence data
extend the results of the Si protection assays and allow the
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+1 +60
(A) TTTATAGGGCTTCTGGACACCACTCTACGACCCGGCCACTTCCTAAGGGGGATCTGAAGGACGCCGGCCATGAGCAGCTCGAGCAG

*** ** ** * * *
(B) CGGATTC.GGCTTTCGGACACCACTCTACGACCCGGCCACTTCCTAAAGGGGATCTGAAGGACGCCGGCCATGAGCGGCCCGAGCAG

*60
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FIG. 8. Sequence of the 5' end of the RP2 gene and its relationship to M. caroli cDNA. The region between -26 and the PvuII site at +60
within the RP2 gene from M. domesticus (A) is aligned with the 5' end of the cDNA insert of pKB30 (B), which was isolated from M. caroli
(see text). *, Nucleotide differences. Fragments protected in the S1 nuclease assays of Fig. 7 are indicated.

origins of the three protected fragments to be designated
(Fig. 8). The 60-base fragment corresponds to the region
between +1 and +60 and defines the start site identified by
primer extension experiments (19). The 79-base fragment
corresponds to the region between -19 and +60; interest-
ingly, the RP2 gene sequence immediately upstream of -19
(i.e., TTTATAG) fits very well with that of a splice acceptor
site, which suggests the presence of an intron-exon bound-
ary. The 86-base fragment corresponds to the region be-
tween -19 and +60 attached to an additional 7 nucleotides
derived from an exon located upstream of position -170.
Thus, RP2 mRNA expression is derived from at least two
promoters: a downstream promoter initiates transcription at
the + 1 site, while one or more upstream promoters generate
two additional transcripts that may be spliced differently.

DISCUSSION

The nuclear run-on experiments described above indicate
that transcription of the RP2 gene is induced by testosterone
in the mouse kidney; the extent of transcription induction is
less than the increase in mRNA levels, which suggests
control at the posttranscriptional level. This conclusion is
similar to that drawn by Watson and Paigen (32) on the basis
of in vivo RNA synthesis measurements. Earlier transcrip-
tion studies, making use of double-stranded probes, failed to
detect an effect of androgens on RP2 transcription (4). One
reason for the discrepancy lies in the existence of constitu-
tive antisense transcription within RP2 (Fig. 2), which is
detected with double-stranded probes and obscures the
measurement of androgen-regulated sense transcription.
However, such antisense transcription does not fully ac-
count for the inability to measure induction, since the effect
of hormone on sense transcription varies within RP2. For
example, the induction of sense-specific RNA corresponding
to pCR1 is significantly less than that corresponding to
pNO.45 or pD2.15 (Fig. 2). This finding may reflect constitu-
tive sense transcription from specific regions within the
gene, a phenomenon that we have observed for other genes
and whose biological significance remains unclear (24a).
RP2 transcription in several species is not induced in

response to testosterone even when single-stranded probes
are used in the analyses (Fig. 3). Thus, the reduced induc-
ibility of the RP2 mRNAs in these species (28) reflects a loss
of hormone-mediated induction of transcription. Since these
species still have measurable (i.e., two to fourfold) mRNA
induction (28), it is possible that a posttranscriptional effect
of androgens on the RP2 mRNA level is retained.

Previous analysis of RP2 inducibility in a variety of Mus
species indicated that the response arose in two separate
steps during evolution (28). It is possible that the first step

occurred at the posttranscriptional level, since no induction
of RP2 gene transcription occurs in several species yet the
RP2 mRNAs undergo a two- to fourfold increase. The
second step, which amplified the response to about 10- to
12-fold (28), could represent the addition of a transcriptional
component. This possibility implies that transcriptional and
posttranscriptional effects of androgens evolved indepen-
dently from separate genetic events.
The results of an interspecies genetic cross indicated that

RP2 induction is controlled by a single Mendelian gene that
is linked (0 of 47 recombinants) to the RP2 structural gene.
As deduced from this cross, the distance between the RP2
gene and its regulatory element is between 0 and 6.2 centi-
morgans at the 95% confidence level. Therefore, the regula-
tory element may be within RP2 or as far away as 6
centimorgans. It is likely that this element is cis acting, as
are most regulatory loci governing androgen inducibility (21,
23, 31).
Using S1 protection assays, we have demonstrated the

existence of at least two promoters for the RP2 gene. One,
which corresponds to that identified by King et al. (19), who
used primer extension assays, is highly sensitive to testoster-
one (Fig. 7) and is responsible for most of the RP2 mRNA
induction. The response of this promoter to androgen is
observed in all mice that undergo maximal RP2 mRNA
induction, including a number of inbred strains and the
species Mus spretus (data not shown). Reduced mRNA
induction in M. caroli, as well as in several other species
(28), is due primarily to alterations in the function of this
promoter (Fig. 7 and data not shown). Androgens do have
small but detectable effects on RNAs derived from the other
promoter(s). For example, we observed repression of RNA
represented by the 86-base S1-protected fragment in DBA/2J
mice (Fig. 7); interestingly, this repression did not occur in
other inbred mice (data not shown), which suggests that its
occurrence may be polymorphic within M. domesticus. In
general, expression of the transcripts corresponding to the
79- and 86-base fragments is less sensitive to hormone and
plays little role in the interspecies variations.
At this point, we cannot say exactly how many promoters

exist. The 86- and 79-base S1-protected fragments, which
may represent differentially spliced RNAs, could derive
either from two separate promoters or from alternative
splicing of a precursor transcript initiated from a single
promoter. The analyses required to distinguish between
these possibilities are in progress.
The molecular mechanisms by which androgens modulate

gene transcription are not clear. Information to date suggests
that genetic elements within or near the structural gene play
an important role (8, 10, 20, 22, 24, 27). Several studies have
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indicated that androgen regulation of mouse mammary tu-
mor virus expression is conferred by a sequence, termed the
hormone response element, that is also responsible for
progesterone and glucocorticoid regulation of virus tran-
scription (10, 24); this element is located upstream of the
transcription initiation site and may be a binding site for the
androgen receptor. We suspect that androgen regulation of
the RP2 promoter is due to sequences in the 5'-flanking
region of the gene. Hormonal induction of RP2 transcription
may be a consequence of interactions between these se-
quences and specific trans-acting factors whose activities or
concentrations (or both) are controlled by testosterone. The
androgen receptor may be one such factor. Of great interest
will be the role, if any, of these interactions in the evolution-
ary modification of the response of the RP2 gene to andro-
gens.
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