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The single-copy RP2 gene in mice produces three major mRNAs, the abundances of which are significantly
increased in the kidneys by the administration of testosterone. S1 nuclease analysis of the kidney mRNAs
indicated that they differ in the lengths of their 3’ untranslated regions as a result of the use of different
polyadenylation sites. When the mRNAs from different inbred mouse strains were examined by Northern blot
analysis, it was observed that the largest mRNA varies in size, whereas the sizes of the other mRNAs remain
the same. In DBA/LiHa and DBA/2J mice, the largest mRNA is approximately 2,150 nucleotides long, whereas
the corresponding mRNA in C57BL/6J and BALB/cJ mice is only 1,950 nucleotides in length. All of these
strains also have RP2 mRNAs that are 1,450 and 1,350 nucleotides long. By S1 nuclease mapping and
comparison of the sequence of cDNA clones representing these mRNAs in DBA/LiHa and C57BL/6J mice, we
determined that this size difference or polymorphism observed in the largest mRNA is the result of the insertion
of a member of the B1 family of repeats into the 3’ untranslated region of the RP2 gene in DBA mice. This
particular Bl repeat is transcribed by RNA polymerase III in vitro, and its transcriptional orientation is
opposite to that of the RP2 transcript. The polymorphism described here is evidence for the mobility of B1

repetitive elements within the genome.

The B1 middle repetitive element is the mouse equivalent
of the human Alu family of repeats. Its structure and
sequence are homologous to the first unit (130 bases) of the
dimeric Alu element and it is present in 40,000 to 80,000
copies per genome (16). Another mouse repeat with similar
structure but minimal sequence homology to the B1 is the B2
element. Both B1 and B2 repeats have the same approximate
size, 130 and 160 base pairs (bp) respectively, are character-
ized by an A-rich tract at their 3’ ends, are often flanked by
short direct repeats at their site of insertion in the genome,
and contain putative RNA polymerase III promoter regions
(18, 24). In vitro and in vivo transcription of a few individual
Alu-type elements by RNA pol III has been reported (6, 10,
17, 37).

Many Alu-type repeats are located within RNA polymer-
ase II (pol II) transcription units; in most cases they are
included in intervening sequences and are removed during
processing of the primary transcript. Occasionally, repeti-
tive elements are located in the 3’ untranslated region of
mRNAs. Ryskov et al. (28) have shown that many cytoplas-
mic poly(A)* mouse mRNAs contain B2 elements and that
these are oriented in the same transcriptional direction as the
gene coding for the mRNA. Because of this orientation, an
adventitious polyadenylation signal at the 3’ end of the B2
inserted element becomes available, and it has been shown
in one case to be the preferred site for polyadenylation of a
pol II transcript (19). There does not seem to be such a
specificity to the orientation of Bl repeats found in 3’
untranslated regions (28).

It has been proposed that Alu-type repeats may be mobile
in the genome (12, 29, 34). While the actual transposability of
these elements has not been demonstrated, two convincing
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examples of insertion events over evolutionary time have
been presented. Grimaldi and Singer (9) described an Alu
sequence interrupting a site within highly conserved African
green monkey satellite DNA. Kominami et al. (15) presented
similar evidence for a B2 element inserted at a locus in the
progenitor of the BALB/c mouse strain, but not present at
that locus in other inbred or wild mice.

We have recently described a cDNA clone, pMAK-1,
which contains a repetitive element and hybridizes to a set of
mRNAs in the kidney that are under androgen hormone
control (31). The abundance of these mRNAs is increased
from basal levels of 0.1% of the poly(A)* RNA to 0.8% in
kidneys of testosterone-induced female C57BL/6J mice. The
mRNAs are also inducible by testosterone in the liver and
are present in various sizes in other tissues, although not
inducible. Evidence from Southern blot hybridizations of
mouse genomic DNA indicates that all these mRNAs are the
product of a single gene. Berger et al. (1) isolated a cDNA
clone termed pMK908, which hybridizes to kidney mRNAs
similar to those that we have described. Because of the
similarities in the sizes, hormonal induction characteristics,
and in vitro translation products of these mRNAs, we have
compared unpublished cDNA sequences and determined
that pMAK-1 and pMK908 represent mRNAs transcribed
from the same gene. A polymorphism identified in the gene
encoding these mRNAs has been designated RP2 (7). Al-
though we have previously used the term MAK (mouse
androgen kidney) when describing both the mRNAs and the
gene (31), we will use the term RP2 from here on to avoid
confusion in references to this gene and its mRNAs.

Here we show that at least three mRNAs are produced
from the RP2 gene in kidney cells, with the size of the largest
RNA varying with the mouse strain. In DBA/2J and
DBA/LiHa mice the largest mRNA is 175 nucleotides longer
than the corresponding mRNA in C57BL/6J and BALB/cJ
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FIG. 1. Northern blot of RP2 RNA from the kidneys of different
strains of inbred mice. Glyoxalated kidney mRNA from the indi-
cated mouse strains was probed with the cDNA insert from clone
pMAK-4 (see Fig. 3 for a description of this probe). Three major size
classes of mRNA are evident in each strain, with the largest nRNAs
varying in size by approximately 200 bases. Smaller,
nonpolymorphic RNAs are present in each strain, measuring 1,350
and 1,450 nucleotides.

mice. We show that this polymorphism is due to the inser-
tion of a B1 repetitive element in the 3’ untranslated region
of the RP2 gene in DBA mice.

MATERIALS AND METHODS

Clones. cDNA clones were isolated from libraries prepared
from the poly(A)* cytoplasmic RNA from kidneys of mice
induced with subcutaneous testosterone pellets. The
DBA/LiHa kidney cDNA library was a gift from Roger
Ganschow (25). The first clone, pMAK-1, was isolated from
this library by using a genomic restriction fragment that
contained a Bl repeat as the probe (31). All subsequent
screenings were done with the unique 300-bp Pvull-Rsal
fragment or the overlapping 350-bp BglI-Rsal fragment from
pMAK-1 as probes (see Fig. 3). The C57BL/6J kidney library
was kindly made available by Kenneth Paigen (G. Watson, M.
Felder, L. Rabinow, K. Moore, C. Labarca, C. Tietze, G.
VanderMolen, and K. Paigen, unpublished data). Sequencing
of the cDNA clones was done by the method of Maxam and
Gilbert (22).

RNA analysis. RNA was isolated from mouse kidneys as
previously described (31). Glyoxalated total kidney RNA (10
ng) was electrophoresed for 5 h at 150 V on 1.4% agarose
gels and blotted to nitrocellulose. Filters were baked for 2 h
at 80°C in a vacuum oven, and residual glyoxal was removed
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by washing in 20 mM Tris (pH 8.0) at 100°C. Prehybridiza-
tion and hybridization were done by the method of Thomas
(33). The stringency of the washes was 0.1x SSC (1x SSC is
0.15 M NaCl plus 0.015 M sodium citrate) at 50°C. RNA
sizes were determined by comparison with stained ribosomal
RNAs and glyoxalated single-stranded DNA markers.

The probe for the S1 nuclease analysis of the 3’ region of
the large RP2 mRNA was the 553-bp Bgll-Pvul fragment
from cDNA clone pMAK-1, which contains the 3’ end
sequence representative of DBA mouse RP2 RNA plus 126
bp of flanking pBR322 vector sequence. The 3’ region of the
1,450-nucleotide RP2 mRNA was analyzed with the adjacent
350-bp Rsal-Bgll fragment from the pMAK-1 insert. These
fragments were 3’ end labeled with the Klenow fragment of
DNA polymerase I and strand separated (21). S1 nuclease
analysis was performed by the method of Berk and Sharp (2)
as modified by Weaver and Weissmann (35). Total kidney
RNA (10 pg) was hybridized to excess probe at 68°C for 2 h.
Nonhybridized DNA probe was subsequently digested with
400 U of S1 nuclease (Sigma Chemical Co.) per ml at 21°C
for 1 h. The resulting protected end-labeled DNA fragments
were electrophoresed on 8% acrylamide-50% urea denatur-
ing gels and autoradiographed.

In vitro transcription. Reactions were performed on circu-
lar plasmids (1 wg) with [*?PJUTP as described previously
(20). The nuclear extract used in the experiments was an S30
fraction of HeLa cells optimized for RNA polymerase II
transcription (5) and was the generous gift of Donal Luse.
The transcription products were electrophoresed on 5%
polyacrylamide-7 M urea gels and autoradiographed.

Primer extension reactions. Primer extension of the Bl
transcript was done by hybridizing the 15-base oligonucleo-
tide 5'-CTTTAGCAGGGTCTT-3’, which was end labeled
with [y-*?P]ATP by polynucleotide kinase, to unlabeled in
vitro synthesized transcription products at 47°C for 8.5 h.
The hybrids thus formed were ethanol precipitated, and the
pellets were rinsed once with cold 70% ethanol. Reverse
transcription was performed with Moloney murine leukemia
virus reverse transcriptase by following the protocol recom-
mended by the manufacturer (Bethesda Research Laborato-
ries). Products of the reaction were electrophoresed on a 5%
polyacrylamide-50% urea gel and autoradiographed.

RESULTS

A subfragment of a mouse genomic clone containing
repetitive sequences was used to screen a kidney cDNA
library made from the RNA of testosterone-induced
DBA/LiHa mice. One of the cDNA clones isolated was
shown to contain, in addition to a repetitive region, se-
quences that hybridize to several RNAs with an abundance
that is regulated by testosterone in the kidneys (31). This
clone was named pMAK-1. A restriction fragment from this
clone which lacks the repetitive sequence was subsequently
used to rescreen the same DBA/LiHa ¢cDNA library, and
eight more overlapping clones were identified. Previous
analysis of RNA homologous to pMAK-1 in our laboratory
had shown two major size classes of RP2 mRNA 1,600 and
2,200 nucleotides in length (31). Since this work was limited
to RNA prepared from C57BL/6J mice and our cDNA was
prepared from DBA/LiHa mice, we compared the RP2 RNA
hybridization patterns from these and several other strains
on a Northern blot. Kidney mRNA from DBA/LiHa,
DBA/2J, C57BL/6J, and BALB/cJ inbred mice was glyoxal-
ated, electrophoresed under conditions to achieve maximum
separation of bands, blotted, and probed with the entire
insert from cDNA clone pMAK-4. The results (Fig. 1)
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FIG. 2. Southern blot hybridization analysis of DNA from two
polymorphic strains of mice. Genomic DNA was prepared from
livers of C57BL/6J (C) and DBA/2J (D) mice, digested with the
restriction enzymes indicated above the gels, electrophoresed,
blotted, and probed with the 457-bp BglI-Rsal fragment from the 3’
end of clone pMAK-1E that is diagrammed below the figure. The
thick line represents the cDNA sequence; the thin line represents
flanking pBR322 vector sequence. Polymorphic bands are evident in
each pair of lanes as indicated by the small arrows, and in each case
the band in the DBA/2J lane is larger by an amount equal to the
difference in the sizes of the largest RP2 mRNAs. Symbols: B, Bgll;
R, Rsal; H, Hinfl.
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indicate a size difference in the largest mRNA between
strains. Both C57BL/6J and BALB/cJ mouse RNAs have a
broad band of RP2 RNA migrating at a size of 1,950
nucleotides. In DBA/LiHa and DBA/2J mouse RNAs, this
band migrates with a size approximately 200 nucleotides
longer, or 2,150 bases in total length. All four strains share
smaller nonpolymorphic RP2 RNA species which migrate as
a doublet at 1,350 and 1,450 nucleotides. Stained 18S and
28S ribosomal RNA bands and glyoxalated single-stranded
DNA homologous to the probe were used as size markers.

Several explanations could account for the dramatic size
difference in the largest RP2 mRNAs between mouse strains.
We have already established that RP2 is a single-copy gene,
and so the difference could reflect differential processing of
the primary transcript in these mouse strains, or perhaps a
DNA polymorphism. To further explore this latter possibil-
ity, the DNA from two mouse strains exhibiting the size
difference was analyzed by Southern blot hybridization (32).
Genomic DNA from livers of C57BL/6J and DBA/2J mice
was digested with the enzymes BglIl, HindIIl, and EcoRI.
When the DNA was electrophoresed, blotted, and probed
with a 3'-end-specific probe from cDNA clone pMAK-1E,
two bands were observed in each lane (Fig. 2). An intensely
hybridizing nonpolymorphic band represents an exon that is
separated from a polymorphic exon by an intervening se-
quence containing BgllI, HindIll, and EcoRI restriction
sites. A shorter length of the cDNA probe fragment hybrid-
ized to the polymorphic exon than to the nonpolymorphic
one, explaining the difference in intensity. The significant
observation is that in all cases the polymorphic restriction
fragment in DBA/2J mice was larger than the equivalent
fragment in C57BL/6] mice by approximately 200 bases, an
amount corresponding to the difference in size of the largest
RP2 mRNAs in these strains. Similarly sized polymorphic
bands were previously reported for HindIII-digested
genomic DNA hybridized with pMK908 (7).

To further characterize this polymorphism, which is evi-
dent at both the genomic level and within the RP2 mRNAs,
RP2 cDNA clones were isolated from a C57BL/6]J mouse
kidney cDNA library for comparison with those from the
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FIG. 3. Alignment of cDNA clones from DBA/LiHa and C57BL/6J mice. DBA/LiHa clone pMAK-1 contains a 175-bp insertion in the 3’
untranslated region not found in C57BL/6J clone pMAK-1E. Symbols: R, Rsal; B, Bgll; P, Pvull; H, Hinfl.
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FIG. 4. S1 nuclease analysis of the 3’ ends of RP2 RNAs. (A)
Map of the 3’ end of DBA/LiHa cDNA clone pMAK-1 and two S1
nuclease probes derived from it. The cDNA insert is presented as a
bar with the repetitive region shaded. Flanking vector DNA is
represented as a single line. Probe 1 (553 bases) and probe 2 (350
bases) are indicated below the map. (B) S1 nuclease data with probe
1 hybridized to C57BL/6J kidney RNA shows that the site of the
insertion is 57 bases from the end-labeled Bgll site. DBA/2J kidney
RP2 RNA, which contains the inserted element, hybridizes fully to
the cDNA sequence in probe 1. The mice were either induced with
testosterone for 4 to 5 days before kidney RNA was prepared or not
induced. Lanes: 1 and 4, induced females; 2 and 5, uninduced males;
3 and 6, uninduced females; 7, probe 1 alone (undigested); 8,
end-labeled DNA size markers. (C) S1 nuclease analysis with probe
2 shows a polyadenylation site for the 1,450-nucleotide RP2 mRNA
124 bases from the end-labeled Rsal site in both DBA/2J and
CS57BL/6] mice. Lanes: 1, 2, and 9, DNA size markers; 3, yeast
tRNA (negative control); 4 and 6, uninduced females; S and 7,
induced females; 8, probe 2 alone (undigested).
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DBA/LiHa library. The alignment and restriction maps of
four representative cDNA clones are shown in Fig. 3.
Southern blot hybridization analysis and extensive restric-
tion enzyme mapping indicated that a repetitive element is
located entirely within the 175-bp Hinfl fragment at the 3’
end of cDNA clone pMAK-1, obtained from the DBA/LiHa
library (data not shown). It was hybridization to this repeat
that allowed the original isolation of this clone. Clone
pMAK-1E, representing the longest RP2 RNA from
C57BL/6J mice, has only one Hinfl restriction site in the
same region and does not contain any repetitive sequences.
An obvious explanation for the size difference or polymor-
phism we observed is the insertion of a repetitive element
within the RP2 transcription unit of DBA mice, resulting in
the creation of an additional Hinfl site.

The suggestion that the size difference evident in the larger
RP2 mRNAs on Northern blots is actually due to the
presence of the repetitive sequence within the mRNA was
confirmed by S1 nuclease analysis. An additional S1 nucle-
ase analysis was performed which provided information on
the structure of one of the two smaller mRNAs. Two
restriction fragments located at the 3’ end of the cDNA clone
pMAK-1 were chosen (Fig. 4). Probe 1 spans the 3’ end of
the cDNA insert in clone pMAK-1. Since this probe is from
a DBA mouse clone and contains the repetitive sequence, it
is protected for the full length of its cDNA portion (413
bases) by DBA/2J RNA (Fig. 4B, lanes 1 through 3). cDNA
mapping and Northern blots suggested that C57BL/6J mice
do not carry the repeated sequence in their RP2 mRNA, and
this was confirmed by a strong signal at 57 bases, the site of
the insertion of the repeat (lanes 4 through 6).

Probe 2 (Fig. 4A) distinguishes the nonpolymorphic 1,450-
nucleotide RP2 mRNA from the larger RNAs. When probe 2
was hybridized to kidney RNA from polymorphic strains of
mice (Fig. 4C, lanes 4 through 7), a broad signal in the region
of 124 baes was detected in each case. This indicates that in
both strains some RP2 mRNAs protect only the first 124
bases of the 350-base probe from S1 nuclease digestion. The
full length of the probe is protected by the large RP2 RNAs
from both polymorphic strains. The probe does not produce
a stable hybrid with the 1,350-nucleotide mRNA, which is
expected to terminate very near to the labeled end of the
fragment.

In an effort to more clearly define the nature of the
insertion element and differences between the RP2 mRNAs,
DNA sequence analysis was performed. The sequence of the
3’ ends of three cDNA clones representing different size
classes of MAK RNA is presented in Fig. 5. pMAK-1
(representing DBA/LiHa RNA) and pMAK-1E and pMAK-
5H (clones from the C57BL/6J library [Fig. 3]) are aligned for
maximum homology. The complete 3’ ends of two different-
length mRN As are present in clones pMAK-5H and pMAK-
1E, as evidenced by the presence of poly(A) tracts preceded
in each case by polyadenylation signals: AGTAAA for
pMAK-5H and ATTAAA for pMAK-1E. Although these
sequences differ slightly from the commonly found consen-
sus polyadenylation signal AATAAA (27), both of these
sequences have been documented as being functional
polyadenylation signals for other mRNAs (3, references in
reference 36). The location of the polyadenylation site used
in the mRNA complementary to pMAK-5H is in excellent
agreement with the S1 nuclease analysis results for the
1,450-nucleotide RP2 RNA. In addition, the distance from
this site to the polyadenylation site used to produce the
polymorphic large RP2 mRN As (525 bases in C57BL/6J mice
and 700 bases in DBA mice) agrees with the size differences
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GTACCCATAA AAGTCACAAT GAGGTGTTAC CTGTGTCATG TGTGTTTTGG GAGCCTCTGC CATTTGTCAG ACTGCACAGC AAGCCAAATG TAGAATGGAC

MAK-1E GTACCCATAA AAGTCACAAT GAGGTGTTAC CTGTGTCATG TGTGTTTTGG GAGCCTCTGC CATTTGTCAG ACTGCACAGC AAGCCAAATG TAGAATGGAC 100
MAK-5H GTACCCATAA AAGTCACAAT GAGGTGTTAC CTGTGTCATG TGTGTTTTGG GAGCCTCTGC CATTTGTCAG ACTGCACAGC AAGCCAAATG TAGAATGGAC

MAK-1 GAAGTAGTAA AGCTCTTGTC
MAKR-1E GAAGTAGTAA AGCTCTTGTC
MAK-5H GAAGTAGTAA AGCTCTTGTC

MAK-1 ACGCGTTAGC GGTTTCCTGG
MAK-1E ACGCGTTAGC GGTTTCCTGG

ACCAAGATGA ACGGTTTCAC
ACCAAGATGA ACGGTTTCAC
ACCAA (poly A tail)

TGCGCTGTGG AGACTGAGCC
TGCGCTGTGG AGACTGAGCC

GACAGTTGTT TTATTAGTTG AACATTGGAA AGTGGTCTCC TGCCATCCTC TAACTGTCCC

GACAGTTGTT TTATTAGTTG AACATTGGAA AGTGGTCTCC TGCCATCCTC TAACTGTCCC 200
CTGGCTCTCT TACACTTTCG CAGGAATTGA TTCCGAGATA CCTAGTTAAA GAGTGCTGAG
CTGGC-C-CT TACACTTTCG CAGGAATTGA TTCCGAGATA CCTAGTTAAA GAGTGCTGAG 300

MAK-1 GGTCAGATGT GAGAGGACTC CCACTTGCTC CCTGGTTGGT AGCCATTTTG GCAGGTTGTG AAAACTGAGGG GCAGGCTTTA GCAGGGTCTT GAGGGATCGA
MAK-1E GGTCAGATGT GAGAGGACTC CCACTTGCTC CCTGGTTGGT AGCCATTTTG GCAGGTTGTG AAAACTGAGGG GCAGGCTTTA GCAGGGTCTT GAGGGATCGA 400

HinfI

MAK-1 GTCTTTTTGT TGTTGTTTGT TTTGGTTTTT TGAGACAGGG TTTCTCTGTA GCCCTGGCTG TCCTGGAACT CACTCTGTAG ACCAGGCTGG CCTCGAACTC

MAK-1E GTCT

500

Hinfl

— e
MAK-1 AGAAATCCAC CTACCTCTGC CTCCCAAGTG CTGAAATTAA AGGTGCGCGC CACCACTACC CGGCCGAGGG ATCGAGTCTT AACTCTGTGC CAGCAGGGTC

MAK-1E

T AACTCTGTGC CAGCAGGGTC 600

MAK-1 CTTTGTTTCT CCATCTGAGG AGATGCGAGC AGACTTTGCC TCAGGTTTCT GCCTCCAGGA AGGTCCCTTG TTTCTTGTGT CGGGCTTTTG ATCACAGTAA
MAK-1E CTTTGTTTCT CCATCTGAGG AGATGCAAGC AGACTTTGCC TCAGGTTTCT GCCTCCAGGA AGGTCCCTTG TTTCTTGTGT CGGGCTTTTG ATCACAGTAA 700

MAK-1 GGAAAGTTAA TATAAATAAA CAGTGATCAT CCTTCAAAGG GGATGTCATG GTCGTGCCGT
MAK-1E GGAAAGTTAA TATAAATAAA CAGTGATCAT CCTTCAAAGG GGATGTCATG GTCGTGCCGT AGAATCAACT TGATAATTAA CATACAGTAT TTGCATTAAA 800

MAK-1
MAK-1E ACCAAATGAC ATTCATTTTG (poly A tail)

FIG. 5. Sequence of the 3’ untranslated region of pMAK cDNA clones. DNA sequence from the 3’-most Rsal site is presented for the 3’
ends of clones pMAK-1, pMAK-1E, and pMAK-5H. This region encompasses two functional polyadenylation signals (overbars) for RP2
transcripts, and the inserted B1 repetitive element is flanked by short direct repeats (overlined arrows). Relevant restriction sites are

indicated.

observed on Northern blots. Sixty bases plus the poly(A) tail
were presumably lost from the 3’ end of pMAK-1 during
construction of the cDNA.

Comparison of the 3’ sequences of clones pMAK-1 and
pMAK-1E revealed that the inserted element in the DBA
clone is 175 bases long and is flanked by 14-bp direct repeats.
The sequence of the insert is highly homologous to the Bl
family of Alu-type repeats (18). The B1 element is followed
by a characteristic A-rich tract and is situated in the opposite
transcriptional orientation to the RP2 transcript. This Bl
repeat plus one 14-bp direct repeat are precisely missing
from the C57BL/6J cDNA sequence.

An alignment of the B1 element inserted in the DBA RP2
gene with the B1 family consensus sequence (13) is shown in
Fig. 6. There are 10 mismatches over 133 bases, or 92%
homology. Two of these mismatches occur within the pre-
sumed RNA pol III split promoter. Mismatches between two
sequences are designated by an asterisk between them. A

comparison of the RP2 B1 sequence with a consensus RNA
pol III promoter sequence composed by Galli et al. (8) from
functional tRNA and ribosomal RNA genes shows six mis-
matches over 22 bases, with five of those mismatches
occurring in the first half of the promoter. The polymerase
typically initiates transcription 10 to 15 bases upstream of
the first half of the promoter. Evidence exists that the distal
half of the promoter element alone may be sufficient for the
transcription of Alu-type repeats (26). Other investigators
have previously established that selected Alu-type elements
are capable of being transcribed by RNA pol III (6, 10,
37).

To determine whether the Bl element present in the RP2
gene is capable of being transcribed by RNA polymerase III,
in vitro transcription and primer extension analyses were
performed. RNA pol III transcription is known to terminate
at runs of four Ts (4). The first such sequence that would be
encountered by a polymerase initiating at the beginning of
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GGCTACA GAGAAACCCTGTCTCAAAAAACCAAAACAAACAACAACAAAAAGACTCGATCCCTC

FIG. 6. Alignment of DBA RP2 inserted element with the B1 consensus sequence (12). Asterisks indicate mismatched bases. The putative
RNA pol III split promoter is boxed and compared with the polymerase III promoter consensus sequence (8) above. The 14-bp direct flanking

repeats are overlined with arrows.

the B1 repeat is found at position 361 in Fig. 5. Since it is the
sense strand of the RP2 RNA that is presented in this figure
and the B1 repeat has the opposite orientation within this
transcript, the termination signal is ncessarily represented in
this case by four As. The next possible termination signal is
at position 9 in Fig. S.

The 650-bp BglI-Rsal fragment from the 3’ end of pMAK-
1 that contains the Bl repeat plus some flanking pBR322
sequence was subcloned into the Smal site in pUC8. This
plasmid (pBR650) as well as the entire pMAK-1 cDNA was
transcribed in vitro (Fig. 7A). RNA synthesis incorporating
[?P]JUTP was carried out in the absence of a-amanitin or at
low (0.5- ng/ml) or high (150-pg/ml) concentrations of this
inhibitor. Transcription of the pMAK-1 cDNA clone gives a
major signal at 550 nucleotides and a weaker signal at 215
nucleotides (lane 5), which correlate with transcription ini-
tiating at the 5’ end of the B1 repeat and terminating at the
two signals just described. Since transcription terminating at
these signals was detected in the presence of the low
a-amanitin concentration (lane 5) but was eliminated at the
high concentration (lane 6), the transcription can be attrib-
uted to RNA pol III. Supporting data was obtained with the
pBR650 subclone containing the same Bl repeat (lane 9).
The termination signal which gives the 215-nucleotide tran-
script was included in this subclone and is recognized by the
polymerase. Runs of Ts present in the vector serve as
secondary termination signals giving other bands at 260 and
approximately 650 bases. Again, these signals are all sensi-
tive to high a-amanitin concentrations (lane 10). The con-
trols showing that low concentrations of a-amanitin inhibit
RNA pol II transcription are in lanes 13 and 14, which
contain linearized DNA carrying the adenovirus major late
promoter (HindIIl pSma-F). The high concentration of a-
amanitin eliminates transcription by RNA pol III as shown in
control lanes 11 and 12, which contain a functional Alu
repeat promoter (E plasmid).

The bands resulting from the in vitro transcription of the
B1 repeat in pMAK-1 are compared with the results of in
vitro transcription performed on clone pMAK-1E in Fig. 7B.
The major difference between these two cDNAs is the
absence of the B1 repeat in pMAK-1E (Fig. 3). As expected,
the signals at 550 and 215 nucleotides generated from the
RNA pol III promoter in the Bl repeat of pMAK-1 (lanes 5
and 6) were not detected when pMAK-1E was transcribed
(lanes 3 and 4).

Figure 8 shows the result of a primer extension experiment
confirming that the transcripts made in vitro originated at the
5’ end of the Bl element. A 15-base oligonucleotide,
CTTTAGCAGGGTCTT, was synthesized to be homologous
to the unique sequence immediately downstream (transcrip-
tional orientation) of the repetitive element (beginning at
position 376 in the sequence in Fig. 5). The sequence is
complementary to the B1 transcript, and in a primer exten-
sion assay it will direct the synthesis of DNA to the origin of
the pol III transcript. An in vitro transcript was prepared
from the pBR650 subclone in the presence of the low
concentration (0.5 pg/ml) of a-amanitin and four unlabeled
nucleotides. In vitro transcripts were also prepared from the
pUCS vector alone as a negative control. The RNA products
of both of these reactions were then hybridized to the
32p_5'-end-labeled oligonucleotide, and Moloney murine leu-
kemia virus reverse transcriptase was used to extend the
primer to the 5’ end of the B1 transcripts. Primer extension
of the in vitro transcripts generated from the pBR650
subclone gives a strong signal at 191 bases, which is absent
in the control lane. This is consistent with initiation of RNA
pol III transcription at the beginning of the B1 insert. A
much weaker signal at 202 bases may represent a low level of
upstream initiation. Extra bands present in both experimen-
tal and control lanes are most probably due to the binding of
this short oligonucleotide to RNA molecules present in the
nuclear extract used for the in vitro transcriptions.
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FIG. 7. Analysis of RNA polymerase III transcription of the B1 element in DBA mice. (A) In vitro transcription products are shown for
the B1 repeat in pMAK-1 (lanes 4 through 6) and the same B1 repeat subcloned into pUC8 (pBR650: lanes 8 through 10). End-labeled DNA
size markers were run in lanes 1 and 2. Transcripts of the two vectors alone in the presence of the low concentration of a-amanitin were
included as negative controls (lanes 3 and 7). Controls for modulation of RNA pol III activity (lanes 11 and 12) and RNA pol II activity (lanes
13 and 14) by a-amanitin were also included. The uniform signal seen at 160 bases is probably due to end labeling of RNA endogenous to the
nuclear extract (lanes 15 and 16). (B) In vitro transcription of essentially equivalent cDNA clones both with ()MAK-1; lanes 5 and 6) and
without (pMAK-1E; lanes 3 and 4) the inserted Bl element is shown. Transcription of the pBR322 vector alone is shown in lane 7.
Concentrations of a-amanitin used in each reaction are indicated. End-labeled DNA size markers were run in lanes 1 and 2.

DISCUSSION

The RP2 gene is present in a single copy in mice and has
several interesting features. Its expression is regulated by
testosterone in the kidney (1, 31), and the gene produces
multiple mRNAs which differ in the lengths of their 3’
untranslated regions as a result of the alternate use of at least
two polyadenylation signals. RP2 may therefore be added to
the growing list of genes that produce multiple mRNAs from
the same primary transcription unit.

A Bl repetitive element was inserted in the 3’ untranslated
region of the RP2 gene during the evolution of DBA inbred
mice. This insertion event serves to increase the size of the
largest RP2 transcript from 1,950 to 2,150 nucleotides. The
sizes of the two small RP2 mRNAs (1,350 and 1,450 nucle-
otides) are unaffected by the B1 repeat, since the insertion
event occurred 3’ to their polyadenylation sites. The high
copy number, highly conserved sequence homology, and
dispersed nature of the individual members of Alu, B1, and
B2 repetitive families have prompted questions of how these

sequences became established in their respective genomes.
It has been proposed that RNA pol III transcripts from
Alu-type repeats may occasionally be reverse transcribed
into DNA and inserted back into random breakpoints in the
genome (12, 29, 34). This theory is supported by the fact that
nearly all the Alu-type repeat sequences found to date
(including the B1 insert in the mouse RP2 gene) are flanked
by short (6- to 20-bp) direct repeats similar to those created
by the insertions of known procaryotic and eucaryotic
transposable elements. If only a few of the many repetitive
elements are actually transcriptionally active and have been
seeding copies of themselves into other locations, this might
serve to explain the high degree of sequence conservation
(>80%) generally observed between family members. Along
these lines, Kalb et al. (13) have been able to divide a
collection of B1 elements into two subfamilies on the basis of
analysis of specific base differences. The B1 repeat within
the RP2 gene falls into one of these subfamilies because it
shares five of six diagnostic nucleotides with that group.
Data presented here indicate that this particular B1 repeat in
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FIG. 8. Primer extension of in vitro-synthesized B1 transcripts.
An end-labeled oligonucleotide complementary to the unique se-
quence just 3' to the repetitive region of the B1 transcripts was used
to prime reverse transcription of the Bl template. The 191-
nucleotide product corresponds to the distance from the site of
hybridization to the 5’ end of the B1 inserted element in the pBR650
subclone. Primer extension of the transcription products of the
vector alone (pUCS8) is a negative control.

the RP2 gene can be transcribed by RNA pol III in vitro. If
transcription is indeed required for the mobility of Alu-type
repeats, then some recently inserted copies might be ex-
pected to retain transcriptional activity. The insertion within
the RP2 gene in DBA mice has probably occurred recently
enough in evolutionary time that the RNA pol III transcrip-
tion signals have been functionally conserved.

This unusual incidence of an active RNA pol III promoter
existing within an RNA pol II transcription unit invites
speculation about potential interactions in vivo between
these promoters and any transcriptional regulatory ele-
ments. Three possibilities can be considered. First, there
may be no effect of one promoter on the other, as evidence
from genomic blots (unpublished data) indicates that they
are separated from each other by at least 5 kilobases in the
genome. Second, transcription from one promoter may
enhance expression from the other, by way of opening up a
chromosomal domain to various transcription factors. It is
possible, for example, that increased transcription from the
RP2 pol II promoter in the presence of testosterone would
allow increased transcription by RNA pol III of an otherwise
hormone-insensitive B1 element. Third, expression from the
two promoters may actually be antagonistic. That is to say,
increased transcription from the pol II promoter may inhibit
expression of the pol III promoter located inside the pol II

MoL. CELL. BioL.

gene. We are currently exploiting the polymorphic mouse
strains to pursue these hypotheses further.

The fact that the RNA pol II and pol III promoters happen
to be oriented in opposite directions to each other also raises
the possibility that their respective RNA products may be
able to interact with each other. Inhibition of translation by
antisense RN A has already been identified and characterized
as a regulatory mechanism in procaryotes (23, 30). Eucary-
otic systems have also been manipulated to exhibit this
phenomenon (11). In these instances, translation of particu-
lar mRNAs has been observed to be inhibited by comple-
mentary strand pairing that includes the 5’ terminus. In at
least one case, however, hybrid-arrested translation of inter-
leukin-2 in Xenopus oocytes was achieved with equal effi-
ciency when the complementary oligonucleotides were de-
rived from the 5’ end, the middle, or the 3’ end of the coding
sequence (14). The Bl-complementary sequence retained as
part of the largest RP2 mRNA may hybridize to B1 RNA in
vivo, effectively removing the largest transcript (which
amounts to about half of the total RP2 transcripts) from the
translatable mRNA pool in DBA mice.
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