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A pseudogene for human U4 RNA with a remarkable structure
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The human DNA library of Lawn ef al. (1978) was screened
for sequences complementary to the small nuclear (sn) RNA
U4. Several positive clones were identified by screening
100 000 recombinants, indicating that U4 sequences like
other snRNA sequences are dispersed in the human genome.
One recombinant was characterized in detail by subcloning a
Bg/lI fragment 1.9 kilobases (kb) long in the pBR322 plas-
mid. The subcloned fragment was partially sequenced and the
results revealed a pseudogene for U4 RNA. The pseudogene
was found to have a remarkable structure; it contains a se-
quence that, except in two positions, matches the first 68
nucleotides of the human U4 RNA sequence and the pseudo-
gene is, moreover, flanked by perfect direct repeats 20 bp
long. The results support the model of van Arsdell er al.
(1981) suggesting that certain snRNA pseudogenes arise by
reverse transcription of the RNA followed by integration of
the cDNA copy at a new chromosomal locus.
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Introduction

Structural information concerning the mammalian genome
is currently being collected at a remarkable pace. Dozens of
human genes have now been isolated by molecular cloning
and their structure is in many cases precisely known at the
molecular level. One of the most unexpected findings that has
come out of these studies is that mammalian genomes, in ad-
dition to bona fide genes, often contain many related copies
of the gene, so-called pseudogenes. Pseudogenes are in most
cases believed not to be functional since they contain muta-
tions that render them inactive. The way in which the pseudo-
genes arise is still a matter of speculation. The expected
mechanism would be gene duplication followed by muta-
tional changes due to lack of selection pressure. The proper-
ties of many pseudogenes suggest, however, that other mech-
anisms might be involved in their creation. It has, for in-
stance, been observed that some pseudogenes unlike their
functional counterparts lack intervening sequences (Nishioka
et al., 1980; Vanin et al., 1980; Hollis et al., 1982; Wilde et
al., 1982). One possible mechanism that could generate such
pseudogenes is reverse transcription followed by integration
of the cDNA copy. We and others (Westin et al., 1981; Mon-
stein et al., 1982; Denison et al., 1981; van Arsdell et al.,
1981; Manser and Gesteland, 1981; Hayashi, 1981; Ohshima
et al., 1981) have recently initiated a study of genes tor mam-
malian snRNA. The results show that sequences complemen-
tary to the snRNAs Ul, U2, U3, and U6 are present at many
different chromosomal sites. Sequence studies have, more-
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over, revealed that most copies represent pseudogenes since
they carry several mutational changes (Denison ef al., 1981;
van Arsdell e al., 1981; Hayashi, 1981 ; Ohshima et al., 1981;
Manser and Gesteland, 1981; Westin ef al., 1981). An
analysis of the sequence flanking U2 pseudogenes (Westin et
al., 1981) suggests, moreover, that there is little DNA se-
quence homology outside the pseudogene itself which sup-
ports the hypothesis that they have arisen as the result of
transposition rather than by duplication of large
chromosomal segments. Van Arsdell ef al. (1981) have recent-
ly reported that Ul, U2, and U3 pseudogenes sometimes are
surrounded by direct sequence repeats, and on the basis of
their findings they proposed that the pseudogenes represent
integrated cDNA copies of the corresponding snRNA. In the
present communication we describe the structure of a
pseudogene for U4 RNA which gives additional support for
the ¢cDNA integration model, originally proposed by van
Arsdell ef al. (1981).

Results
Isolation of recombinants containing U4 sequences

The human DNA library of Lawn et al. (1978) was screen-
ed according to Benton and Davis (1977), using 32P-labelled
U4 RNA from HelLa cells as a probe. Several plaques giving
positive hybridization were encountered while screening
100 000 recombinants. Three of the positive recombinants
which gave particularly strong hybridization signals were pla-
que purified and grown in large scale for DNA extraction.
DNA from these three recombinants, designated U4/1,
U4/4, and U4/5, was cleaved with different sets of restriction
endonucleases and the resulting fragments were hybridized
with 32P-labeled U4 RNA after separation and transfer to a
nitrocellulose membrane. The cleavage patterns and the
hybridization results showed that the three recombinants were
different and thus must represent distinct chromosomal loci
(data not shown). Cleavage of the U4/5 recombinant with
Bg/lI and subsequent hybridization revealed a fragment ~1.9
kb long containing U4-related sequences. This fragment was
subcloned in the BamHI cleavage site of the pBR322 plasmid,
and one subclone designated pU4/5 was identified by colony
hybridization according to Grunstein and Hogness (1975).
This clone was grown in large scale and plasmid DNA was ex-
tracted for further characterization.
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Fig. 1. A diagram that illustrates our sequencing strategy. A 1.9-kb Bg/ll
fragment was used for sequencing after doning in the BamHI site of the
pBR322 vector. The pseudogene is illustrated by the thick line and the
flanking direct repeats by unfilled boxes.
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U4/5 5'-GAGACTATCTCCAATAAATAAATGAATTAATTAATTAAAATAATTTTAAATAAAGAAGACAGCATTTTTAACCTGAATTGAGGAAAT

2 10 20 30

TAAACAGATATCAGGAAGAAATGTAAGACGAAACAGAAAATGCCTGCAGTTTA GCTTTGCGCAGTGGCAGTATC GTAGCCAATGAG

UgA RNA
* 40 * 50 60 70

NpppAmXCyUUGCGCAGUGGCAGUAUCGUAGCCAAUGAG
80 90 100 110 120

GTCTATCCGAGGAGCGATTATTGCTAATTGA AAAAGAAAATGCCTGCAGTTTAGAAGATGGCTG
GUUUAUCCGAGGCGCGAUUAUUGCUAAUUGAMAAACUUYUCCCAAYACCCCGCCGUGACGAC UUGCAAUAUAGUCGGCAUUGGCAAU

130 140

UUUUGACAGUCUCUACGGAGACUGG -3 "

OH

Fig. 2. The established sequence. The human U4 sequence as described by Krol ef al. (1981) is also shown. Two point mutations in the pseudogene are indica-
ted by asterisks. The flanking direct repeats are underlined. The dots show that the direct repeats will include 25 nucleotides if one mis-match is taken into ac-

count.
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Fig. 3. A hypothetical model which illustrates how self-priming could occur
due to intramolecular base pairing. The arrow indicates the 3' end of the
pseudogene in clone U4/5. This model is only valid for the U4A species
since the other U4 variants have different 3’ termini.

Sequence analysis of subclone pU4/5

A sequence 237 nucleotides long was established according
to the strategy depicted in Figure 1 and the established se-
quence is shown in Figure 2. It is apparent from the results
that the clone contains a severely truncated pseudogene,
which is related to U4. The sequence of the pseudogene is co-
linear with the first 68 nucleotides of the U4 sequence but
contains two mutations as compared with the U4 RNA se-
quence established by Krol et al. (1981). The truncated
pseudogene is moreover flanked by perfect direct repeats 20
bp long. If one mis-matched base pair is taken into account,
the repeats will include 25 nucleotides (Figure 2).

Discussion

The mammalian genome appears to contain numerous
pseudogenes for small nuclear RNAs and we describe, in the
present communication, the first example of a pseudogene
related to U4 RNA. The clone U4/5 represents a pseudogene
by several criteria; it is severely truncated, only containing the
first 68 nucleotides of the 142 — 146 nucleotides long U4 se-
quence. There are furthermore two point mutations, one of
which is a transversion among the 68 nucleotides present in
the pseudogene (Figure 2).

The most interesting finding in the present study is the
observation that the truncated U4 pseudogene in clone U4/5
is flanked by direct repeats 20 bp long. The repeat at the 5’
side overlaps with the first two nucleotides in the truncated
U4 sequence. This overlap could, however, be a coincidence
if the repeat at the 3’ end of the pseudogene happens to be
followed by the same two nucleotides that constitute the 5’
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end of U4 RNA. The length of the actual repeats would in the
latter case be reduced to 18 nucleotides.

The presence of flanking direct repeats raises the interesting
question as to the mechanism by which pseudogenes are
created. Previous studies indicate that snRNA pseudogenes
are widely scattered in the mammalian genome (Denison e?
al., 1981; Manser and Gesteland 1981; Westin ef al., 1981).
Studies of the flanking sequences indicate, however, that they
are unlikely to be the result of duplication events involving
large chromosomal segments since sequences which precede
and follow the pseudogenes in most cases share little sequence
homology (Westin ef al., 1981; Ohshima et al., 1981; Westin
et al., in preparation). Direct sequence repeats have pre-
viously been found to flank integrated proviruses (for a
review, see Temin 1980) as well as mobile genetic elements
and are often regarded as remnants of transposition events
(for a review, see Calos and Miller, 1980). An interesting
model for the generation of pseudogenes flanked by direct
repeats was recently proposed by van Arsdell et al. (1981).
The hypothesis postulates that the RNA sequence is first
copied into a DNA sequence before becoming integrated at a
new chromosomal site and requires, moreover, that integra-
tion occurs after staggered breaks have been introduced into
the chromosomal DNA. After repair synthesis a pseudogene
will be created, being flanked by direct repeats.

The results reported in the present communication support
the model of van Arsdell et al. (1981) and a similar model has
been proposed by Jagadeeswaran ef al. (1981) for generation
of interspersed repetitive DNA elements in eucaryotes. The
model as originally proposed by van Arsdell et al. (1981)
leaves, however, several questions yet to be answered. It
would for instance require the existence of reverse transcrip-
tase activity in germ line cells. Moreover, a priming event is
necessary to generate a cDNA copy. Self-priming is a con-
ceivable mechanism that could generate truncated cDNA
copies of snRNA and the fact that the 5 end is present in all
pseudogenes so far studied, whereas 3’ sequences are often
lacking, speaks in favour of a mechanism involving reverse
transcription and self-priming. Based on the U4A RNA se-
quence, a structure can be drawn which, by self-priming,
could give rise to a cDNA with approximately the same se-
quence as that present in the U4/5 clone (Figure 3). It should,



ua/5 AGAAAATGCCTGCAGTTTAG
ITIIIII
u3.5 TAAAATGCTAATTATCCAA

ué4/5 AGAAAATGCCTGCAGTTTAG
ITIII

U1.101  AGAAACAGGCTTTTGC

ua/s AGAAAATGCCTGCAGTTTAG
ITII

uz.13 TAAATAATCAGGATGGAA

Fig. 4. A sequence comparison of the direct repeats that flank different
snRNA pseudogenes. Data for the U1, U2, and U3 pseudogenes are from
van Arsdell et al. (1981).

however, be pointed out that this structure is not the most
energetically stable structure for U4 RNA. We are currently
testing experimentally whether self-priming is a feasible
mechanism for generation of truncated cDNA copies of U4
RNA.

Another interesting problem concerns the nature of the
direct repeats. Are there specific endonucleases in mam-
malian cells which introduce staggered nicks in the DNA at
preferred sites? A comparison between the direct repeats
which have been found to flank different snRNA pseudo-
genes reveals similarities both with regard to length and
primary sequence (Figure 4).

A difficult question, related to the model, is how the postu-
lated events could take place in germ line cells. There is as yet
no mechanism known which could explain how such events
occur. There are, however, several examples reported in the
literature which give strong support for reverse transcription
being a mechanism by which genetic information can be rein-
troduced into the genome of mammalian cells. (Nishioka et
al., 1980; Vanin et al., 1980; Hollis et al., 1982; Wilde et al.,
1982).

Materials and methods

Isolation of clones

A library of human fetal liver fetal DNA was kindly supplied by T. Mani-
atis. Clones were identified by screening with 3P-labelled U4 RNA. DNA was
prepared from the recombinant phages, grown and purified as described
before (Westin et al., 1981). Subdoning in the pBR322 plasmid was carried
out as described by Stenlund et al. (1980).
DNA sequencing

The protocol of Maxam and Gilbert (1980) was followed.
Hybridization

Fragments were separated on 1% agarose gels before transfer to nitrocellu-
lose according to the method of Southern (1975) and hybridization was car-
ried out as described before (Westin et al., 1981).
SnRNA

SnRNA was extracted from 32P-labelled HeLa cells as described by Westin
et al. (1981).
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