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Insertion of a retrotransposon within the 3' end of a mouse gene provides a new functional
polyadenylation signal
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ABSTRACT
A site of genomic insertion of the mouse retrotransposon LTR-
IS/MuRRS was analysed. The comparison of the genomic and the
cDNA clones indicates the insertion of the LTR-IS element into
the 3' untranslated region of a mouse gene. The fact that the
isolated cDNA clone ends with a poly A tail 20 nucleotides down-
stream from the LTR-IS AATAAA box and the result of the S1-
nuclease mapping provides evidence that the 3' end of the mouse
gene transcript was generated under the control of the LTR-IS
polyadenylation signal.

INTRODUCTION

Transposable elements are probably the major source of mutagenic

activity in the genome of lower eukaryotes (for review see

ref. 1). The site of the element insertion in the genome is a

critical factor in determining its genetic consequences. The

relative accumulation of mobile elements withing the repetitive
DNA and the DNA of unknown function indicates a selection of

non-lethal insertions into "allowed" sites in the genome. The

analysis of the insertions into active genes shows examples of

more tolerated regions, like introns, in contrast to exons and

regulatory regions, where the insertions have more severe

effects on the phenotypic expression (1, 2). However, also

intron insertions associated with mutant phenotypes were

described (3).
The evaluation of the impact of mobile genetic element insertion

in higher eukaryotes is hampered by the lack of genetic ana-

lysis. Therefore, the molecular analysis of individual integ-
ration events is a source of valuable information towards our

understanding of mechanisms involved in insertional muta-

genesis.
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Previously we have described mouse retrotransposons MuRRS

(Murine retrovirus-related sequences), which are 5.7 kb long
elements present in about 100 copies per mouse haploid genome

(4). In addition to these proviruslike structures, there are

about 1000 copies per haploid genome of solo long terminal

repeats (LTR) of MuRRS elements, called LTR-IS (5).

Three possible activities of LTR-IS/MuRRS elements in the genome

may be considered. Firstly, it is the generation of DNA re-

arrangements via homologous or non-homologous recombination.

Some evidence for high recombinational activity of LTR-IS

elements was reported (6, 7). Secondly, it is expression of

their genes. The nucleotide sequence analysis of the LTR-IS/
MuRRS elements revealed putative transcription regulatory

signals, including a TATA box and a polyadenylation signal
AATAAA (5), as well as partial homologies to retroviral gag and

pol genes (4). We have shown previously that the LTR-IS elements

contain functional RNA polymerase II promoters, which require
enhancement by cis- or trans-activating factors (8). However,

their transcriptional or translational products, if any, in

vivo, have not yet been identified. Finally, one possible
activity might be related to the insertion of new regulatory
signals into the genome. Experimental evidence for the lastly
mentioned activity will be provided in this paper.

METHODS

cDNA library
Total RNA from A20/J cells was prepared by guanidinium isothio-

cyanate extraction and CsCl centrifugation (9). The cDNA library
in lambda gtlO phages was prepared according to the procedure of
Gubler and Hofmann (10).
Genomic library from BALB/c mice
The library was prepared from male liver DNA in lambda EMBL 3 as

described (11) with minor modifications (7). Hybridization
probes: the Al/Sau3a probe is the 300bp fragment of the

LTR-IS 5' flanking sequence; the Al/EcoRI/BgIII is the 5' end of

the Al cDNA clone.

Sl-nuclease mapping
The experiments were performed essentially as described by Berk
and Sharp (13). The RNA from A20/J cells was annealed with the
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labelled HincII/SphI fragment (Fig. 4) at 490 C for 12 hrs,
incubated with 58u of Si nuclease, and analysed on a sequencing

gel.
DNA sequencing
DNA fragments were subcloned in M13mpl8/19 vectors and sequenced

by the dideoxymethod (14).

RESULTS

LTR-IS-hybridizing RNA in mouse tissues

To search for LTR-IS-specific transcripts total and poly A-

selected RNA from various mouse tissues and cell lines was pre-

pared and hybridized to a radioactively labeled cloned
BgIII/HindIII fragment of the LTR-IS clone B8 (5). We have shown

previously that this part of the LTR-IS sequences is specific
for the elements and does not contain sequences present in any

other known elements (7). Northern blot analysis (Fig. 1)
revealed the RNA from A20/J B-lymphoid cell line as the only one

positively hybridizing with the LTR-IS probe. All the other

12
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Fig. 1
Northern blot analysis of RNA from A20/J cells
4 ug of total (1) or poly A-selected- (2) RNA from A20/J cells
w4re analysed on 1.5 % agarose gel and hybridized with the Sp6-
labeled LTR-IS BgIII/HindIII fragment (see Methods).
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Identification of LTR-IS cDNA clones
a) Schematic representation of the LTR-IS element and its
BgIII/HindIII fragment (dashed box) used as the hybridization
probe. The arrows indicate possible transcripts detectable with
the probe. T, TATA box; A, AATAAA box; B, BgIII; H, HindIII. b)
Summary of the LTR-IS cDNA clones. LTR-IS-hybridizing EcoRI
fragments of ten cDNA clones are shown in the 5' to 3' orient-
ation. The position of the LTR-IS element, as located by
restriction mapping and hybridization is indicated by open
boxes. Only the LTR-IS characteristic BgIII site (B) is shown.

tested RNAs (liver, kidney, brain, spleen, thymus, L-cells, EL4

thymoma) were negative under our hybridzation conditions.
Identification of LTR-IS cDNA clones from the A20/J cells

The only unequivocal identification of LTR-IS specific
transcripts is by isolation and characterization of their

corresponding cDNA clones. For this purpose a cDNA library from
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B8 TATAAAAAcT GAAAAOUCIT TCC)CCGAG GTGGA=CIT CACCOCzGC 50
Al ..... .GG.C.C..... ...T.G. CA................ 50
A6 .. G.C.C ..T... G. .C . ......... 50

B8 ATGGGATATG AGTCGYIUC AGAGOICTGG CTITCOCCGA ATAAAGOC= 100
Al G......... .A.T .................. .......... 100
A6 G......... .AT T..........A. .... ............ TC. 100

B8 ATGTGGTTIG CAACAAGCTC GGTCTATCGT GAGTTCTTGG 150
Al G........ T AAAAAAAA.AAAAA.AAAAAAAA& 150
A6 TA .T...ANAAAAAAA.AAA A. 150

Fig. 3
3' terminal sequences of the two cDNA clones Al and A6
The nucleotide sequences of the LTR'IS B8 element (5), and Al,
and A6 cDNA clones are compared. Only the LTR-IS sequence is
printed in full, dots indicate identical nucleotides. TATA and
AATAAA signals are underlined.

the RNA of the A20/J cells was constructed as described in

Methods. The library was screened with the cloned BgIII/HindIII
LTR-IS fragment as a probe and the positively hybridizing clones

were isolated.
The probe should detect theoretically transcripts which a) ini-

tiate at the LTR-IS promoter, b) are processed/terminated at the

LTR-IS AATAAA signal, but initiate at other cellular promoters,

or c) are readthrough transcripts, which initiate and terminate

at other cellular signals (Fig. 2 a).
To distinguish among these three possibilities the position of

the LTR-IS segment within the cDNA clones was mapped. Figure 2 b

is a summary of identified clones by Southern blot analysis. It

shows that the majority of the cDNA clones belongs to the "read

through" type, and contains the LTR-IS sequence surrounded by

other cellular sequences. The clone A8 has the LTR-IS sequence

located at its 5' end and thus may correspond to a transcript

which initiates within the LTR-IS element. The clones Al and A6
have the LTR-IS sequence at their 3' ends and thus may represent

transcripts which terminate in the LTR-IS elements.
Nucleotide sequece analysis of the cDNA clones

The nucleotide sequence of the clone A8 revealed a truncated
LTR-IS element in the 5' to 3' orientation. The first nucleo-

tides of the sequence correspond to the LTR-IS TATA box, the
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fact which rules out the initiation at the LTR-IS promoter (data

not shown).

The sequences of the clones Al and A6 (Fig. 3) show homology

with the LTR-IS sequence at their 3' ends up to 20 nt behind the

polyadenylation signal of the LTR-IS element and continue

further with poly A tails. This result confirms the assumption

that the clones Al and A6 represent cellular transcripts with

their 3' ends processed and polyadenylated under the control of

the LTR-IS AATAAA box. The clones A2 and A5 are identical with

the Al clone, suggesting that this type of transcript is abund-

ant in A20/J cells.

The structure of the genomic Al locus in BALB/c mice

The 700 bp EcoRI/BgIII fragment from the 5' end of the cDNA

clone Al was used as a hybridization probe to screen genomic
library from BALB/c mouse liver. The restriction maps of the

isolated genomic locus and the cDNA clone Al are collinear at

their 3' ends up to the Dral site (Fig. 4). An open reading

frame terminated with a stop codon at its 3' end, is interrupted

at its 5' end, 4 bp distal from the Dral site, with an intron

(sequence not shown).

Since the Al locus displays all characteristics of a genuine

protein coding gene, we conclude that the LTR-IS insertion is

within its 3' untranslated region, despite of the fact that the

translation remains to be shown.

The 3' terminal sequences of the both clones are compared in the

lower part of the Figure 4. 153 bp downstream from the LTR-IS

AATAAA signal is the sequence AAGAAATAAG, which could be a

former mutated polyadenylation signal.

The genomic organization of the Al locus
Southern blot analyses were performed to find out whether the Al

locus of the A20/J tumor cells is identical with the Al locus of

normal mouse tissues (e. G. liver), and how many copies of the

Al locus are in the genome.

Figure 5 shows fragments obtained from the DNA of A20/J cells

and BALB/c mouse liver, respectively, which hybridize to the Al

probe. The restriction patterns indicate that the Al locus is

identical in the both cell types, and therefore is not caused by
a DNA rearrangement in the tumor cells.
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Fig. 4
The comparison of the Al genomic and cDNA clones
The upper part shows the restriction maps, and the lower part
the nucleotide sequences of the 3' ends of a) the Al genomic
clone, and b) the Al cDNA clone. Only the relevant sites are

indicated; B, BglII; Ba, BalI; Bm, BamHI; D, DraI; E, EcoRI; H,
HincII; S, Sphl. The LTR-IS sequence is indicated as an open

box, the Bl sequence as a black bar, the intron sequence is a

dashed box; the polyadenylation signals are underlined; the 3'
end of the LTR-IS sequence is marked with an arrow.

The Southern blot analysis indicates furthermore that the Al

locus is probably a single copy gene, since no other Al homo-

logous sequences were detected in the BALB/c mouse. This is in

agreement with the observed frequency of Al hybridizing phages

from the genomic library.

Determination of the 3' ends of the Al transcripts in BALB/c

mice

Northern blot hybridization of the RNA from the A20/J cells with

the Al probe revealed a uniform transcript of about 1600 nt

(Fig. 6 a). To determine the 3' end of this transcript, S1

nuclease protection assay was carried out. The size of the pro-

tected fragment (Fig. 6 b) maps the 3' end of the transcript to

about 20 nt distal from the LTR-IS polyadenylation signal, which

corresponds well to the 3' end of the Al cDNA clone determined

by sequencing (Fig. 3). It proves that the LTR-IS AATAAA box is

responsible for generating the 3' end of the Al transcript. The

fact that no other protected fragments were detected indicate

that the distal AATAAG signal is not used.
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Fig. 5
Southrn blot analysis of the Al locus in A20/J cells and in
BALB/c mouse liver
10 ug aliquots of A20/J DNA (1-4) or BALB/c liver DNA (5-8) were
di4ested with restriction enzyme BgIII (;? &), EcoRI (2, 6)
Sau3a, (3, 7), Xbal (4, 8), analysed on 0.8 % agarose gel, and
hybridized to Al/Sau3a probe (see Methods)

DISCUSSION

The generation of the 3' end of eukaryotic mRNA is an important
mechanism to regulate gene expression (for review see ref. 15,
16). It is known that sequences downstream from the polyadenyl-

ation site are required for generating correct 3' ends of some

mRNAs (17, 18). In some cells, a selection of alternative poly-

adenylation sites is used to produce different 3' ends of one

transcript (19-22). The sequences within 3' untranslated region
can affect the mRNA stability as it was shown for a population
of eukaryotic mRNAs (23). Also, a transposon insertion into 3'

untranslated region with a modulatory effect on gene expression

was described in Drosophila (24).

Here we report that the insertion of a mobile element, LTR-IS/
MuRRS, into the 3' untranslated region of a mouse gene (Al) pro-

vided a functional polyadenylation signal.

The finding of a AATAAG sequence 50 bp downstream of the LTR-IS

insertion suggests that this could have been an original poly-
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Fig 6
Analysis of the Al transcripts from A20/J cells
a) 5 ug of poly A-selected (1) or total (2) RNA from A20/J cells
were/ analysed by Northern blotting and hybridized to the
Al/EcoRI/BgIII probe. b) Determination of the 3' end of the Al
transcript by S1 nuclease protection. The Al/HincII/SphI
fragment, 262 bp, was labeled by T4 polymerase, annealed with
the RNA, and digested with S1 nuclease (see Methods). (1)
labeled fragment, (2) 65 ug of A20/J RNA and the labeled
fragment. The pBR322/HinfI/marker is indicated.

adenylation signal of the Al gene. The AATAAG mutation was

described for a thalassemic globin gene, where it retains only
about 15 % of the activity (25). It is possible that the
original polyadenylation signal of the Al gene was mutated

before the insertion event, and the LTR-IS insertion was

selected because it provided an advantage of a better poly-
adenylation signal. However, it cannot be excluded that the

downstream signal could have been mutated after the insertion

event, since it was no longer under selection pressure. We do
not know, whether the alteration of the original 3' end of the
Al transcript, due to the LTR-IS insertion, had an effect on the

Al gene expression. A finding of a mouse strain without the
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LTR-IS insertion in the Al locus could answer this question.

The described results provide an example of a mobile element in-

sertion, which did not cause a gene inactivation, but probably

led to a gene rescue. Thus, beside known effects of LTR enhancer
and promoter insertion (26), also the LTR-polyadenylation signal
can be fused to another cellular gene by rearrangements in the

mammalian genome. This implies that such DNA elements may have a

function by providing a pool of sequences in the genome which

can be used to generate new functional units.
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