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Pseudogenes for human U2 small nuclear RNA do not have a fixed site of 3’ truncation
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ABSTRACT

We present the sequences of five additional human U2 pseudogenes which
are very similar to the U2.13 pseudogene reported previously [Van Arsdell et
al. (1981) Cell 26, 11-17]. All six U2 pseudogenes preserve the 5° end of the
mature U2 snRNA sequence, and all six are flanked by nearly perfect direct
repeats that differ in sequence and range in length from 16 to 21 base pairs.
The 3” ends of the six U2 pseudogenes are truncated at five different sites
between position 33 and 82, and in two cases the 3” end of the pseudogene
overlaps the downstream direct repeat by 5 or 6 base pairs. The structure of
these six U2 pseudogenes contrasts with that of four human U3 pseudogenes
[Bernstein et al. (1983) Cell 32, 461-472] all of which are identically
truncated at position 69 or 70, and appear to be derived from a self-primed 74
base reverse transcript of U3 snRNA. Comparison of the U2 and U3 pseudogenes
suggests a model for their generation in which the 3° end of the pseudogene is
always truncated relative to the initial cDNA template.

INTRODUCTION

Mammalian genomes are rich in sequences created by the reverse flow of
genetic information from cellular RNA back into chromosomal DNA. Hollis et al.
(1) introduced the term "processed gene" to describe pseudogenes that correspond
to an integrated genomic copy of a spliced mRNA, and we shall interpret this
useful term broadly to denote all nonviral genomic sequences that were generated
by an RNA-mediated insertion event. In mammals, processed genes include many
different sequences: pseudogenes for the small nuclear RNAs (snRNAs) Ul, U2, U3,
U4, and U6 (2-8), divergent genomic copies of the transposable middle repetitive
Alu family sequence (8-10), and pseudogenes for proteins as diverse as the human
immunoglobulin constant regioms C, (1) and Ce (12,13), human metallothionein II
(14), rat a-tubulin (15), and human B-tubulin (16). We (4,5,8) and others (1,6,
9,10) have proposed that processed genes arise by reverse transcription of a
cellular RNA species, followed by integration of the cDNA into new chromosomal
sites in germline DNA. We do not know whether the reverse transcriptase activi-
ty is provided by a normal cellular DNA polymerase, an endogenous provirus, or

transient retroviral infection of germline cells (for a discussion, see ref. 8);
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however, the available DNA sequence data do suggest a general mechanism for

integration of the reverse transcript once it is made (4,8).

MATERIALS AND METHODS

Isolation and initial characterization of recombinant lambda bacterio-
phage containing the U2 pseudogenes were described previously (17). Short
restriction fragments spanning the pseudogenes were subcloned into the M13
vectors mp8 and mp9 (18) and sequenced by the technique of Sanger et al. (19)
at least twice on one strand without ambiguity except in the case of U2.1,
where the 5 end of the pseudogene was more than 300 bp from the primer

oligonucleotide.

RESULTS
The human U2 pseudogenes

In Fig. 1 we compare the DNA sequences of six U2 pseudogenes with the DNA
sequence of the human U2.24A gene (20); the sequence of the U2.13 pseudogene
was reported previously (4). Each U2 pseudogene contains a truncated 57
fragment of the mature U2 snRNA sequence. In all six pseudogenes the homology
with U2 RNA begins precisely at the 5° end of the RNA, but homology with U2
RNA is lost at different downstream positions (nucleotides 33, 35, 39, 57, or
82) in the six pseudogenes. The variety of 3° truncations between nucleotides
33 and 82 in the human U2 pseudogenes should be contrasted with the consistent
37 truncation of four human U3 pseudogenes at nucleotide 69 or 70 in the U3
RNA sequence (8). Perfect (or nearly perfect) direct repeats flank the U2
homology in all six U2 pseudogenes. These repeats are generally 16 base pairs
long, but they do vary from 16 base pairs (U2.1, U2.4, U2.5, and U2.8) to 18
(U2.13) or even 21 base pairs (U2.6). Such variability contrasts sharply with
the defined length of the direct repeats made by such eucaryotic transposable
elements such as Tyl in yeast, copia and the P element in Drosophila, or the
vertebrate retroviruses such as MMTV or RSV (for discussion, see refs. 21 and
22). As expected for insertion of snRNA information into random chromosomal
sites, the direct repeats do not share any obvious consensus sequence. On the
strand synonymous with the snRNA, the direct repeats flanking the six U2 and
four U3 pseudogenes are very rich in adenine (50% to 60%). Thus both strand
asymmetry and richness in A + T may influence the choice of chromosomal target
sequences for insertion; local melting of the DNA cannot be .the sole
determinant.

For consistency, we have drawn the box in Fig. 1 to maximize therlength
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Fig. 1. The sequences of six human U2 pseudogenes are compared to a human U2

gene candidate (17). Homologies between the pseudogene and the gene are
boxed; mismatches between the pseudogenes and the gene are indicated by the
symbol "x"; flanking direct repeats are denoted by an arrow; imperfections
within the direct repeats are represented by lower case letters; ambiguous
nucleotides (see Materials and Methods) are denmoted by an "N".

of the U2 pseudogenes, and the arrows have been drawn to maximize the length
of the direct repeats. When this is done, the upstream direct repeat in each
pseudogene overlaps the first nucleotide in the U2 sequence (an adenine); the
downstream direct repeat does not overlap the U2 sequence at all in one pseudo-
gene (U2.1) but can overlap by as much as 5 or 6 base pairs (U2.5 and U2.6).
While an overlap of only 2 (U2.4 and U2.8) or 3 base pairs (U2.13) could be
discounted as fortuitous, a 5 or 6 base pair overlap suggests that homology
between the snRNA and the chromosomal target site can, but need not, play a

role in determining the final configuration of the pseudogene.

DISCUSSION
Human U2 and U3 pseudogenes have similar structures.

We previously characterized the structure of four different U3 pseudo-
genes (8), each of which contains an identical 5° fragment of the U3 snRNA
sequence (nucleotide 1 to 69 or 70). Two of the U3 pseudogenes (U3.5 and
U3.7) are flanked by perfect direct repeats of 18 or 19 base pairs; the other
two pseudogenes (U3.2 and U3.6) have no direct repeats whatsoever. We also

demonstrated that human U3 snRNA can serve in vitro as a self-priming template

for avian myeloblastosis virus reverse transcriptase; the product of this
reaction is a 74 base cDNA corresponding to the first 74 nucleotides of the U3
sequence. The ability of U3 snRNA to function as a self-priming template for
reverse transcription might be unrelated to the formation of U3 pseudogenes,
but we prefer the more optimistic interpretation that the covalent U3 snRNA-
cDNA hybrid (or a U3 cDNA derived from it) is in fact the natural intermediate
for insertion in vivo. We therefore proposed that the four characterized

human U3 pseudogenes were created by direct insertion of the 74 base cDNA into
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a new chromosomal site, with concurrent and consistent loss of 4 to 5 bases
from the 5 end of the cDNA.

The six U2 pseudogenes described above bear a striking resemblance to the
four U3 pseudogenes. All ten pseudogenes preserve the 5” end of the mature
snRNA sequence, and whenever the pseudogene is flanked by direct repeats, the
upstream direct repeat overlaps the 5° end of the snRNA sequence by at least one
nucleotide. The two major differences between the human U2 and U3 pseudogenes
are that (i) all four characterized U3 pseudogenes are truncated identically at
nucleotide 69 or 70, whereas the U2 pseudogenes are a truncated at different
sites between nucleotides 33 and 82; and (ii) in U2 but not U3 pseudogenes, the
downstream direct repeat occasionally overlaps the 3° end of the snRNA
homology. Because the U3 pseudogenes appear to have been generated by insertion
of a U3 cDNA, we feel it is reasonable to assume that U2 pseudogenes with a
similar structure were created by insertion of a comparable U2 cDNA; however, we

have been unable to synthesize the predicted U2 cDNA in vitro although we have

used both naked U2 snRNA and purified U2 snRNPs (small nuclear ribonucleoprotein
particles) as the template for reverse transcriptase (L.B. Bernstein and A.M.
Weiner, unpublished results).

Why do U2 pseudogenes have different sites of 3° truncation?

The DNA sequence analysis of five additional U2 pseudogenes presented in
this paper reveals two new characteristics of snRNA pseudogenes which must be
explained by any model for the reverse flow of genetic information from
cellular RNA back into the genome. First, the 3° truncation of five U2
pseudogenes with respect to the sixth strongly resembles the 3° truncation of
four U3 pseudogenes relative to the U3 cDNA from which they appear to be
derived (8). Second, unlike the U3 pseudogenes, the 3° ends of several U2
pseudogenes exhibit significant overlap with the downstream direct repeat. As
discussed below and shown in Fig. 2, steps 3 and 4, both characteristics of
the U2 pseudogenes can be accommodated naturally by simple refinements of our
earlier model for cDNA imsertion (4).

We previously suggested that the 3 end of a cDNA is likely to attack the
57 end of a double-stranded chromosomal break, because in this way the 57
sequence of the snRNA can be preserved and the 3 end of the chromosomal break
can prime synthesis of the second cDNA strand (Fig. 2, steps 2 and 3). Were
the 5° end of a cDNA to have been joined to a protruding 3° end at the target
site, there would have been no available 3° end to prime second strand
synthesis without loss of 3“ sequence from the cDNA. It was quite remarkable

to us to realize that preservation of the 5 end of the snRNA sequence in each
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of the pseudogenes made such a strong prediction regarding the mechanism of
insertion.

All polynucleotide joining reactions require a source of energy to make
the new phosphodiester bond. In principle, either the 5” end of the
chromosomal break or the 3” end of the cDNA could be activated for the strand
transfer reaction shown in Fig. 2, step 2. We have deliberately drawn Fig. 2
with an activated chromosomal break (step 1) because there are examples of
chromosomal activation by DNA topoisomerases (albeit with the opposite
polarity to that invoked in Fig. 2; refs. 23-26) and ligases (for a review,
see ref. 27) but no known precedent for activating the end of a nonviral
linear extrachromosomal DNA single strand. For simplicity, we have drawn the
upstream and downstream chromosomal activating groups (Fig. 2, stippled
circles) in a symmetrical fashion, but we do not mean to imply that the same
enzyme necessarily mediates the two separate strand transfer reactions (steps
2 and 4). Because two of the four U3 pseudogenes previously characterized
lack direct repeats (8) while other snRNA pseudogenes are flanked by direct
repeats of at least 14 base pairs (2-8), we have drawn Fig. 2 with two
separate pathways for cDNA insertion, starting from a blunt or a staggered
chromosomal break; however, the absence of direct repeats could equally well
be attributed to recombination between two U3 pseudogenes or between a U3

pseudogene and a bona fide U3 gene.

After covalent attachment of the 3” end of the cDNA to a 5 end at the
chromosomal break, a cellular DNA polymerase begins synthesis of the second
cDNA strand using the 3° end at the break as a primer. In the case of a
staggered break, this synthesis completes the upstream direct repeat. The
ability of DNA polymerase to copy the complete cDNA will determine the length
of the pseudogene; incomplete copying will result in 3° truncation of the
pseudogene relative to the original cDNA. Self-primed in vitro reverse
transcription of U3 snRNA produces a covalent U3 snRNA-cDNA hybrid (in Figs. 2
and 3 the cDNA is shown as a wavy solid line and the attached snRNA as a
dotted line). Although the U3 cDNA is 74 bases long, the U3 pseudogenes are
all truncated at position 69 or 70 in the RNA sequence (8). We believe that
variable truncation at the 3° end of U2 pseudogenes and the consistent loss of
4 to 5 bases from the 5 end of the U3 cDNA during imsertion both reflect
factors that can influence the length of the second cDNA strand: (a) The DNA
polymerase responsible for second strand synthesis may be partially or
completely blocked by secondary structure within cDNA, secondary structure

within the covalent cDNA-snRNA hybrid, the presence of an RNA:RNA duplex, or
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the formation of base pairs between the first cDNA strand and the downstream
direct repeat (see discussion below). (b) The cDNA or cDNA-snRNA hybrid may
be trimmed by nucleases prior to or during the insertion process. For U3
pseudogenes the trimmed cDNA might be a consistent 69 or 70 nucleotides long,
whereas for U2 pseudogenes with different degrees of truncation the trimmed
cDNA could be quite heterogeneous. (c) The initial U2 cDNA may be primed at
multiple sites corresponding to different extents of 3° truncation in the six
U2 pseudogenes; however, multiple priming sites for U2 reverse transcription
would be at variance with the unique priming site found for U3 snRNA in
vitro (8).

Does homol between the cDNA and the downstream direct repeat influence
healing of the chromosomal break?

In our model, the double-stranded break is healed after insertion of the
cDNA by a reaction analogous to the initial attack of the 3° hydroxyl group of

the first cDNA strand on an activated 5° phosphate bond at the target site:
the 3 hydroxyl group of the second cDNA strand attacks the other activated 57

phosphate (Fig. 2, step 4). In pseudogenes where the downstream direct repeat
does not overlap the snRNA sequence (e.g., U2.1), the 3° hydroxyl group of the
second cDNA strand would attack the activated 5” phosphate directly to heal
the chromosomal break. To explain overlaps of as much as 5 or 6 base pairs
between the 3° end of the truncated snRNA sequence and the downstream direct
repeat (U2.5 and U2.6), we propose that the first cDNA strand can search for
homology in the exposed single-stranded DNA of the downstream direct repeat.
The formation of base pairs between the first cDNA strand and the downstream
direct repeat could block the progress of the DNA polymerase responsible for
copying the template cDNA; synthesis of the second cDNA strand would then

(1) staggered chromosomal ) )
break with protruding T et
3' hydroxyl groups

(2) limited base pairing
between 3'end of o rrrrOHT . So——

cDNA and 3' end of —8 Sl 3ot —
chromosomal break

(3) protruding 3' end of

chromosomal break ——rT SN 5o
primes second strand ——5 S~ A~ ot
of cDNA

Fig. 3. An alternative model for the generation of snRNA pseudogenes.
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proceed only as far as the sequence overlap, before the chromosomal break was
healed by attack of the 3° hydroxyl group of the second cDNA strand on the
remaining activated 5 phosphate group. In the final step of our model for
cDNA insertion, DNA repair restores the uninterrupted DNA duplex; for a
staggered break, this synthesis would complete the downstream direct repeat.
An alternative model for cDNA integration

In the complete absence of any data bearing directly on the nature of the
initial chromosomal break, we must also consider models in which the staggered
break has protruding 3° ends (Fig. 3, step 1). In this case, the 5 end of
the pseudogenes could be preserved if the protruding 3° end of the chromosomal
break primed synthesis of the second cDNA strand by forming a limited number
of base pairs with the 3° end of the cDNA (Fig. 3, steps 2 and 3). We think
this model is less plausible than that in Fig. 2 for two related reasons: (1)
The model shown in Fig. 3 is difficult to reconcile with the observation that
there is only a single base pair of overlap between the upstream direct repeat
and the 5 end of all the known snRNA pseudogenes except for U2.4 and U2.6;
and (2) it is also difficult to imagine how a single base pair of overlap
between the 3° end of the cDNA and the protruding 3° end of the staggered
break would suffice for priming DNA synthesis.

Work on procaryotic transposable elements in many laboratories has
demonstrated that DNA sequence analysis of random tramnspositions can never
resolve enzymological or mechanistic questions; the mechanism which generates
snRNA pseudogenes will likewise remain elusive until the frequency of these

rare insertion events can be increased in vivo or until the entire process can

be recreated in vitro.
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