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ABSTRACT
We have characterised an Alu-like repeptive element found about 400 bp

upstream of the gene encoding the C3 component of rat prostatic steroid
binding protein and suggest, from comparisons with other published
sequences, that it is an example of a third class of rodent Alu-equivalent
sequences. Members of this class are 80-90 bp long, share greater than 90%
sequence homology, and contain sequences resembling the RNA polymerase III
bipartite promoter. The Alu type III element within the C3 gene was found
to be expressed in cell-free systems and within heterologous cells stably
transfected with the C3 gene, but these transcripts were not detectable in
rat ventral prostate. It therefore seems unlikely that expression of
this sequence plays a role in expression from the adjacent C3 gene.

INTRODUCTION
The Alu family of middle repetitive DNA sequences is represented to the

order of 105 times within the genomes of primates and rodents (1). These

sequences are interspersed among protein coding DNA sequences, as
evidenced by the isolation of many examples of Alu repeats within the

intervening and flanking DNA of cloned structural genes, a good example of

this being within the human $ globin gene cluster (2).
In the human genome, there may be only one type of Alu repeat (3), but

in many species of rodents two different families have now been described

(4), termed type 1 (similar to primate Alu) and type 2 Alu-equivalent
sequences (1). Although distinct in length and sequence, these two
families possess common structural features including: i) a precisely
defined 5' end characterised by a consensus sequence for each family,
whereby each individual member shows some 80-90% homology to the
appropriate consensus; ii) an imprecisely defined, A-rich 3' end; iii)
terminal flanking direct repeats of single copy cell DNA of 6-21 bp. The
presence of the flanking repeats suggests that these elements may be

mobile in the genome, but are not transposable elements per se (1). Alu

repeats usually contain consensus sequences for the bipartite RNA poly-
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merase III promoter (5) and have been shown in vitro (6) and in vivo (4) to
be transcribed by this enzyme. Alu sequences may also be expressed as
part of RNA polymerase II transcripts (7). Models have been proposed
whereby the apparent mobility of Alu elements is explained by the return
of their transcripts to the genome (8,9).

The accumulated information to date on Alu elements has therefore proved
very intriguing, particularly in the light of their close physical
relationship with protein coding genes. It has been suggested that DNA
repeats, or their transcripts, may play a role in the control of expression
from adjacent structural genes (10). Recent evidence comes from studies of
one such class, referred to as identifier or ID sequences (11-13), which
are detected primarily in brain RNA and may be involved in tissue specific
gene expression. However, other theories state that such repeat sequences
serve no useful function and their ability to show mobility within the
genome allows them to escape natural selection and remain within the cell
DNA as the ultimate parasite (14,15).

Obviously to assess the merits of these two viewpoints it is essential
to investigate the importance of individual repeats found associated with
particular genes. We have described the presence of a short Alu-like
repetitive element (RE) referred to as Alu type III within the 5' flanking
DNA of two non-allelic genes [C3(1) and C3(2)] encoding the C3 component
of rat prostatic steroid binding protein. In this paper we show that this
Alu sequence is probably a member of a third, distinct class of rodent
Alu-equivalent repeats. Furthermore, in view of the close proximity of
this Alu type III element to the start of C3 transcription, we analysed its
expression, but failed to find a corollary between expression from C3 and
the Alu sequence.

MATERIALS AND METHODS
Cell lines

The C3 transformed S115 cell lines were the gift of Dr. M. Page and were
obtained using the dominant selection vector pSV2-gpt (17). L50 cells
contained the entire C3(1) gene as a 9 Kb Bam Hi DNA fragment, at 50-100
gene copies/cell. The hormone-responsive cell lines SV2 and SV6 both
possessed a 6 Kb Xba 1-Bam Hi fragment of C3(1) which included only %800 bp
of 5' flanking DNA (17, and M. Page unpublished). Cultures of these cells
were grown from frozen stocks in standard S115 medium (Eagle's 2% foetal
calf serum, 30 mM unbuffered HEPES, 3 x 10 8M testosterone). Total cyto-
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plasmic RNA and poly(A)-containing RNA from these cell lines and rat

ventral prostate were prepared as previously described (17,18).

Primer extension and Si mapping

Primers (ss) and probes (ds) were derived from subclones of the C3(1)
gene. Protocols for primer extension were a previously described (16,20)
and the products were run on 6% sequencing gels (20). Three day exposures

of the gels were scanned using a Joyce Loeble chromoscan 3 densitometer.

In vitro transcription
A C3(1) subclone was treated with restriction enzymes to excise the Alu

element. This DNA was assayed at 40 pg/ml within transcription mixes

based on HeLa cell extracts (21) kindly provided by Dr. G. Veldman. The

precise protocol for in vitro transcription and removal of DNA template

was as described in Jat et al. (22). The RNA recovered was analysed by

primer extension.

RESULTS

THe Alu-like repetitive element upstream of the rat prostatic steroid
binding protein C3 genes was first identified by sequence comparison with

the E.M.B.0. sequence library. A short element located between -450 to

-370 was identified (16) which shares 90-95% homology to several
repetitive sequences already found in the rat genome or expressed in

certain rat tissues (see Fig. 1). Clearly these sequences are 'Alu-like'
as they possess the characteristic general structural features described

in the Introduction and additionally have two restriction sites for the

enzyme Alu I. Furthermore, all the genomic isolates were found to be

flanked by direct repeats of cell DNA which were unique to the location
of each particular repeat. The C3 example can also be assigned direct

flanking DNA repeats, though their exact position is unclear as the

genomic sequences flanking the repeat are themselves very repetitious.

If repeats of 7 bp or more alone are considered, then three possible pairs

have been indicated in Fig. 2.

Despite these structural similarities with known Alu sequences,

computer analysis (not shown) revealed that these short (% 80 bp) Alu-

like elements only possess at most 62% homology to a Chinese hamster

166 bp type 1 sequence (a rat sequence has not been published) and 61%

homology to a rat 190 bp type 2 element. Therefore it is suggested that

the sequences represented in Fig. 1 are members of a distinct rodent type
3 Alu-equivalent family.
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I I
-3- 1 4b -TGGCNNAGTGG -25-45b GGTTCGANNCC- 20-30b

GGGGTTGGGGATT1EZlAGTGGTAGAGCGCTTGCCTAGCAAGCG CAAGGCCCTGGGTTCGGTCCCCgCCGAAAAAAAGAAAA

2 ........................................G.....A............ ......... .CC(A)22
3 .... ..............................A.....G.........CC(A) 15

5 ....C. A. G....A.(A)20
6 C. C............C . (A)22CC(A)8

Fig. 1 A comparison of six short, Alu-like rat repetitive elements.
The Alu-like sequence found between -450 and -370 in the C3 genes is
given in full in line 1. Alu I restriction sites are boxed and the
space in the sequence has been introduced to help align the other
published examples represented underneath. A dot indicates these
sequences are identical to line 1, while nucleotide differences are
written in. Line 2 represents a sequence found within a rat a-tubulin
pseudogene which itself otherwise resembled an insertion of mature
a-tubulin mRNA into the genome (28). Line 3 represents a sequence found
within the second intron of the rat growth hormone gene isolated by
Barta et al. (24). The intron in fact contained three repetitive
elements: a tandem repeat of a rodent type 2 Alu-equivalent sequence,
followed by this shorter element. Lines 4 and 5 represent sequences found
at the 3' ends of two cDNA clones isolated from rat brain p(A+) RNA by
Sutcliffe et al. (4). The RE was the only common sequence between the
two cDNA's and was also the only portion to hybridise to three other
similarly isolated cDNA clones and to a 160 bp RNA found in brain, but
not liver or kidney tissue. Line 6 represents a sequence producing an
allelic variation approximately 8 Kb upstream of the rat prolactin gene
(25).
The top line ij the Figure shows the general dimensions of genes

transcribed by RNA polymerase III (5). Consensus sequences for the split
'promoter', or polymerase binding regions, are given in full above
matching sequences within the six Alu repeats.

As these type 3 repeats contain sequences that may be sufficient to
render them an RNA polymerase template, it is conceivable that the C3 RE is
expressed in vivo. This possibility is particularly intriguing in view of
the close proximity of this element to the promoter regions of the C3 gene,
whose expression is controlled by androgens (17,23). For this reason we
examined the expression of these elements in rat ventral prostate, where
the C3(1) gene is active, and also within cell lines produced by trans-
fection of the C3 gene into androgen responsive mouse mammary carcinoma
(S115) cells (17). By using gene transfer into mouse cells it was possible
to examine expression of the Alu type III element associated with the C3
gene in the absence of other members of the family because mouse S115 cells
do not produce detectable transcripts of this type (not shown).
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RET
____1 ~~~~-450 r w4186

GAAAAlCTAGGAGC!AST^GCT AAGAGAGGAT AGACGGSGCGCT1TGCCTCAGTCACAGCGCSTCTiCAJCCAGGCCCTC

x . METArgArgMetGluGluLysGluGlyArQAspGlUThr
z

-250 ,260
ACCTTAAAAATCAGAAGAGCAGATGATAAAACCAGCCCACAGTGCTGGAGCTTGChCTAAACiTTAGAAGTCAACAC T GCTGTGCCCASTTGTCATCA
ThrLeuLvysleArgArQAlaAsuAspLysThr5erProGInCyvTrpSerLeuHls..s

ii- ~1',51
CAGTGGTTCCCAGAGTCTCAAAATCTGTTTCCCTGCTT.TCTTCAATGAAACCAGTGT?CTT GGCTCTTCTTCGCCCTCTTATGTTT

Fig. 2 Features of the Alu element within the C3(1) gene.
The Figure showns 5' flanking sequences of C3(1) around the Alu repeat,
the nucleotide numbers refer to distance 5' of the C3(1) T, cap site (16).
The putative promoter regions for the RE are boxed, either in full for
the bipartite polymerase III promoter, or dotted for the 'TATA'-like
sequence. Possible RE flanking direct repeats are shown as pairs of
arrows, x, y and z. The sites of transcription inititation (RET) and
termination ( ) were mapped by primer extension and Si mapping. As
indicated, these transcripts could encode a small, 32 residue polypeptide
(if the possibility of splicing is ignored), although it must be noted
that uncapped polymerase III transcripts are not thought to be recognised
by the cellular translation apparatus.

Cytoplasmic RNA samples were assayed by primer extension and Si mapping
techniques to map respectively the 5' and 3' ends of Alu transcripts. It

was found that RE expression could be readily detected after gene transfer
into mouse cells and some primer extension mapping experiments are shown
in Fig. 3A. However, the overall results are given, with respect to the

DNA sequence in Fig. 2. As can be seen, these transcripts originate at a

discrete point close to the 5' end of the Alu sequence. Mapping of the 3'

ends of the transcripts produced a series of Si protected fragments whose
ends mapped to clusters of 3T residues within the single copy DNA beyond
the end of the repeat.

The structure of these transcripts is reminiscent of polymerase III
products (5) with the 5' end close to the front segment of the intragenic

promoter and with transcription apparently terminating at poly T clusters.
As 3T sequences are in fact weak terminators of polymerase III transcription

(29), the multiplicity of 3' ends may also be explained. However, as

indicated in Fig. 2, there is a sequence 5' TATTAA 3' 30 bp upstream of the

start of RE transcription which may function as a polymerase II promoter.
In view of this we attempted to identify the RNA polymerase which was

responsible for the observed RE expression by adding the inhibitor
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Fig. 3 Analysis of prostatic C3 and repetitive element transcripts.
RNA transcripts were mapped in stably transformed cell lines or after
in vitro transcription by using primer extension with a 115 nucleotide
primer for RE (Fig. 3A) and a 68 nucleotide primer for C3(1) (Fig. 3B).
The RE primer was prepared from deletion clone #5 (16) by 5' end labelling
at the Bam Hi site, created at the deletion point nucleotide -292 (Fig. 2)
and redigesting with Hae III at nucleotide -404. (A) Two C3(1) stably
transformed cell lines, SV2 and SV6, were maintained for 4 weeks in HEPES
buffered Eagle's medium with 1% steroid depleted serum alone (-) or
supplemented with 3 x 10 8M testosterone (+). Cytoplasmic RNA (15 pg)
from these cells was assayed by primer extension using the 115b primer
at 25,000 c.p.m. per track and is shown in tracks 1 and 2 for SV2 and
tracks 3 and 4 for SV6.
In vitro transcription mixes (100 pl) were supplemented with 40 pg/ml DNA
from a C3(1) subclone treated with restriction enzymes to excise a
fragment of "400 bp containing the Alu element. Primer extension analysis
(using the 115b primer at 25,000 c.p.m. per track) of the RNA products
from mixes containing o (track 6), 1 (track 7) and 200 (track 8) pg/ml
a-amanitin is shown. Track 5 is a control containing 10 pg cytoplasmic
RNA from L50 cells. The additional bands in tracks 7 and 8 probably
represent 'end to end' transcription of the RE containing restriction
fragment.
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Gel bands corresponding to the 5' terminus of the Alu transcripts are
marked RET.
(B) Primer extension analysis of levels of C3 transcripts within the
hormonally manipulated SV2 and SV6 cells described above. All samples
contained 30,000 c.p.m. of the 68b C3 primer (16) and RNA as follows:
track 1, 1.0 pg prostate p(A+) RNA plus 14 pg carrier RNA; tracks 2-5
15 pg cytoplasmic RNA from SV2 (tracks 2 and 3) or SV6 (tracks 4 and 5).
C3(1) transcripts initiating at Ti and T2 (12) are marked.

cx-amanitin (30) to in vitro transcription assays. Fig. 3A (tracks 6-8)
shows the results of primer extension analysis of the RNA products. The

levels of correct initiations of RE transcripts were reduced at low levels
of the drug, but only abolished at high concentrations. Thus, it is likely
that both RNA polymerases can recognise this sequence as a transcription
template, at least in vitro.

Since androgens stimulate C3 expression in vivo and after gene transfer

into certain cloned S115 cells, we investigated the effect of testosterone
on RE expression in responsive cells. Testosterone was without effect on

RE expression (Fig. 3A tracks 1-4) in contrast to its effect on C3
expression (Fig. 3B).

Finally, we compared the expression of the Alu type III family in several
rat tissues and attempted to detect transcripts from the RE associated
with C3 by assaying for expression from the single copy DNA between the 3'
end of the RE and the C3 cap site since this is transcribed in vitro.
Although we could demonstrate Alu type III transcripts in prostate, seminal
vesicle and liver we were unable to detect transcripts associated with the
gene for C3 (data not shown).

DISCUSSION
It is suggested that a third class of Alu-equivalent sequences exists in

rat tissues as several examples of this element have been reported recently,
both in close association with expressed genes(16,24,25) and as tissue
transcripts (11). The examples of this Alu type III family show a high
(> 90%) sequence homology although they originate from apparently disparate
locations in the genome. This suggests that there may be some evolutionary
constraint on sequence divergence, implying a functional role for these

elements.
The possibility of a role for the C3 Alu element in control of the

expression of the C3(1) gene has been investigated. However, although the

sequence-was expressed in heterologous cells, it did not respond to

androgenic regulation, as was observed for C3 transcription, and there was

4319



Nucleic Acids Research

no evidence for in vivo expression of this particular Alu sequence. Hence,
it is doubtful that Alu type III transcripts could have a functional role
in C3 expression. Alternatively, the DNA sequence itself may influence
local chromosome structure and therefore transcription fro the C3 gene,
although this too seems unlikely. C3 expression is assumed to be
coordinately regulated with the genes encoding the other components of rat
prostatic steroid binding protein (namely Cl and C2) as all three gene
products must come together to form a single final protein. Certainly,
transcription from all three genes was influenced similarly by androgens
in isolated prostate nuclei (23). However, blotting studies of cloned DNA
(not shown) failed to find examples of this Alu element within the flanking
DNA or introns of the Cl and C2 genes. As it is unlikely that C3 alone
would be controlled by such a sequence, it seems that in the case of the
C3 genes the adjacent Alu element plays no regulatory role in gene
expression.

Recently these Alu type III elements have been described as identifier
(ID) sequences and corresponding RNA transcripts were detected in rat
brain, pituitary and peripheral nervous tissue but not in several non-
neural tissues (11-13). On the basis of these studies, Sutcliffe and
his colleagues have proposed that the expression of the ID sequence may
be involved in tissue-specific gene activation. However, to date, there
is no direct evidence that the presence or expression of particular
elements, associated with specific genes, can influence their expression.
In fact, its already clear that the existence of ID sequences within the
genes for prolactin and growth hormone are not required for their
expression in the pituitary of certain strains of rat. Within the rat
prolactin gene, present at one copy per haploid genome, the insertion of
a type 3 element produces an allelic variation in the 5'-flanking region
(25) of the gene. As rats, which are homozygous for the absence of the
element have been found, it is unlikely that Alu element is necessary for
prolactin expression. Similarly, the growth hormone gene isolated from
Sprague Dawley rats carries an example of the type III element within
the second intron (24), but this is precisely missing from the gene
isolated from Hooded rats (26).
These two examples, together with the observation of a similar element

within a rat a-tubulin pseudogene (as discussed 28) provide a clear
evidence that these elements may be mobile in the genome. This is perhaps
reinforced by the fact that all the genomic examples of the Alu type III
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element (including these sequences compared by Milner et al, 12) have short

flanking direct repeats of single copy DNA. Therefore it is conceivable

that the high sequence homogeneity within type III the elements resulted

from their having evolved recently, and rapidly dispersed throughout the

genome. The mechanism by which this occurred could well be via the return

of transcripts to the genome as proposed by Jagadeeswaren et al. (8) and
Van Arsdell et al. (9). Clearly these elements can produce suitable
transcripts as has been shown here, and similar transcripts can be detected
in some tissues in vivo (11); though, the sequence of events proposed

must occur in the germ line for a new insert to persist in the population.
Alternatively, the observed sequence homogeneity may be perpetuated by

gene conversion events either at the genomic level or possibly between

genome elements and cDNA copies of Alu transcripts. Such ideas have been
proposed recently as one way of accounting for conversion-like events

within the rat U3 snRNA genes and pseudogenes (31).
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