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ABSTRACT

Processed pseudogenes result from reverse transcribed mRNAs. Because they lack a promoter, they are
nonfunctional once integrated into the genome. Subsequently, they are not subjected to the functional constraints
exerting on protein-coding genes. Due to these characteristics, processed pseudogenes represent good neutral
markers. In this work, we screened both mouse and human complete genomes from ENSEMBL [1] to find
processed pseudogenes generated from functional genes with introns. We found 6321 processed pseudogenes in
human genome and 5228 in mouse genome. So we have estimated their number to ~9400 copies in human
genome (2.89 copies/Mb) and ~7400 copies in mouse genome (2.72 copies/Mb). To facilitate the use of
processed pseudogenes in studying genome structure and evolution, DNA sequences from processed
pseudogenes, and their functional reverse transcribed homologues are now stored in a nucleic acid database:
HOPPSIGEN. It can be browsed on the PBIL (Pdle Bioinformatique Lyonnais) World-Wide Web server
(http://pbil.univ-lyonl.fr/) or fully downloaded (by request) for local install. We present here few applications of

the database in two fields: comparative genomic and molecular evolution.

INTRODUCTION

Processed pseudogenes arise by reverse transcription of mRNAs and integration of resulting cDNAs
into the genome [2, 3]. Hence, they lack introns, possess relics of the poly-(A) tail at their 3’ ends, are flanked by
target-site duplications and show especially a strong similarity with the mRNAs they come from. Whereas their
number was estimated from 22,000 to 75,000 [4; 5, 6, 7, 8, 9] in the human genome. But only few of them are
available in nucleic databases. Moreover, available sequences of processed pseudogenes are generally poorly
annotated and there is no database dedicated to that kind of sequence. In this context and considering the amount
of data available, we looked for processed pseudogenes in whole human and mouse ENSEMBL genomes [1] and
built the HOPPSIGEN (HOmologous Processed Pseudogenes) database. We will use these data to answer
different questions, concerning particularly comparative genome analysis between mouse and human and
molecular evolution of processed pseudogenes. Do these processed pseudogenes show the same insertion pattern
as other close transposable elements like LINE or SINE? Which substitution pattern are these sequences
subjected of? Is this pattern similar between human and mouse genomes?

M ATERIAL AND METHODS .
1.Processed pseudogenes identification

Processed pseudogenes were found by searching similarity between coding sequences of functional genes having
introns and whole genome sequence. We excluded intron-less genes because it is difficult to determine if
processed pseudogenes generated by such genes are real processed pseudogenes (produced by reverse
transcription) or duplicated genes. Moreover, some intron-less genes could be in fact processed pseudogenes
wrongly annotated. This work was done using the human and mouse genome from ENSEMBL (release 8.3 and
release 8.3c). For each species, we selected a dataset of non-redundant CDS (coding sequences) of genes with
introns: 21913 for human and 22427 for mouse.

We made a similarity search between whole genome sequences and the dataset of genes with introns using
TBLASTX [10] to find DNA sequences similar to functional CDS. To determine if a positive match was a
processed pseudogenes or not, we used the lack of introns as main criteria. If a selected match was associated to
more than one parent CDS, we selected the best CDS candidate as the one showing the highest similarity and the
longest sequence size. All positive matches at this stage were considered as processed pseudogenes. Then using



SIM [11] to compute exact alignments, we have also identified processed pseudogenes features like
polyadenylation regions or repeats.

Following this protocol, we identified 12224 human processed pseudogenes and 11372 mouse processed
pseudogenes. But some of these pseudogenes are falling into a gene annotation. So after removing these cases,
we kept 6321 human and 5228 mouse processed pseudogenes, associated with 2977 human CDS and 2375
mouse CDS. These sequences and all associated information were used to build the database HOPPSIGEN.

We found less processed pseudogenes than expected in both genomes. But we focused only on processed
pseudogenes generated by genes with introns (approximately 85% of whole genes), and we do not have all
genes. Moreover, we choose to remove all processed pseudogenes falling into a gene annotation, so according to
our data, approximately 6000 ENSEMBL genes in mouse and human genome could be in fact processed
pseudogenes. Indeed, we hope for the next release of the database to add rat processed pseudogenes to
HopPsIGENand to work on better annotated genomes.

2.Database browsing

HOPPSIGEN can be accessed through PBIL (Péle Bioinformatique Lyonnais) World-Wide Web server at
(http://pbil.univ-lyon1.fr) using the WWW-query system to make requests [12]. HOPPSIGEN can be fully
downloaded (by request) for local installation. Thus HOPPSIGEN database can be efficiently accessed with the
Query [13] or Query_win [14] programs allowing complex queries. All information related to HOPPSIGEN
installation and use can be found at http://pbil.univ-lyonl.fr/databases/hoppsigen.html.

RESULTS AND DICUSSION

1.Lineage specific processed pseudogenes.

Lineage specific repeats like SINE or LINE are more frequent in mouse genome than in human genome
highlighting the fact that these two elements were more active in mouse lineage [15]. Considering the values of
neutral substitutions rates proposed by Waterston and colleagues [15], we have estimated that 10% of divergence
between processed pseudogenes and their functional homologous genes should correspond to sequences
insertion about 45 Myr ago in human genome and 22 Myr ago in mouse genome. To be sure to select only recent
processed pseudogenes, and assuming a speciation time between human and mouse of 75 Myr [15], we used this
limit of 10% divergence (90% identity) to select lineage specific processed pseudogenes. dpsiagkEl we

have selected human and mouse processed pseudogenes showing a similarity more than 90% with their
functional homologous gene (Figure 1) and we compared the frequency of these processed pseudogenes between
the two species.
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Fig. 1: Relative frequency of processed pseudogenes in human and mouse genome for a divergence of 10% and a divergence
of 5%.

There are 1178 recent processed pseudogenes in mouse lineage (22.5%) compared to 1028 in human lineage

(16.3%). The difference between the two frequencies is significant (p<21.§xaﬁd it is even greater for very

recent processed pseudogenes (<5% of divergence). So recent processed pseudogenes, like recent LINE and

SINE elements, are more frequent in mouse lineage. May be it could have resulted of a higher reverse



transcriptase activity in mouse lineage or a lower activity in human lineage, or both [15].
2.Substitution pattern.

Indeed there are few exceptions [16], most processed pseudogenes are non functional sequences for two reasons.
They lack promoters so they cannot be transcribed, and they freely accumulate substitutions and indels so they
cannot produce a functional protein. It has been proposed that they could be used as neutral markers for studying
genome evolution [17]. We are particularly interested by the relation between substitution pattern and
recombination rate. Recently, Montoya-Burgos and colleagues demonstrated that the mouse Fxy gene had
increased its G+C content when translocated in a highly recombinant region [18]. Using our data we looked for
the relation between substitution pattern in human processed pseudogenes and recombination pattern calculated
by Kong and colleagues [19] in human genome. We needed to estimate substitution pattern of processed
pseudogenes in human genome. For that purpose, we firstly built a protein alignment with CLUSTALW [20],
using a functional gene, reverse transcribed extracted frorp$iGENand one functional orthologous gene

(from mouse), extracted fromnBEMBL 8.3. Then, the nucleotidic alignment deduced from the previous protein
alignment was used as a profile in CLUSTALW to align each homologous processed pseudogene. We selected
substitutions in processed pseudogenes corresponding to a conserved site between mouse and human functional
gene (Figure 2). Moreover, to be parsimonious, only position 1 and 2 of a codon were retained to calculate
substitutions.

Human Functional ATG |'E‘.TA|A WGCCC ATG
Mouse Functional AGGICTGATGICAC ATG
Human processed psendogene AGGTTA GGT|GCC|AGC

- & - & o

Fig. 2 Estimation of substitution pattern in processed pseudogenes. In this example, we have selected sites identical between
the two functional genes and different in the human processed pseudogene. The “ * “ sites were selected, the “ — “ sites were
not selected because they are in the third position of a codon. Only “ * “ sites were used to infer substitution pattern.

This method is very conservative, and we probably loose a great number of sites, but we kept only real
substitutions. The recombination pattern is not the same for different lineage, so if we compare substitution and
recombination pattern, we have to work only with recent processed pseudogenes. Moreover, very recent
processed pseudogenes could be transcribed. So to get the substitution pattern, we selected processed
pseudogenes showing a divergence between 1 and 6% with their functional genes (insertion date estimated to 4,5
—27 Myr). We studied 160 processed pseudogenes (1.8% of informative sites). We found that AT->GC and GC-
>AT substitution patterns in processed pseudogenes are strongly dependant to recombination rate (Chi2,
p=0.001871) (table 1).

Tab 1.: Relation between the substitution pattern and the recombination rate in processed pseudogenes. The three categories
of recombination rates were defined by dividing the data into three equal parts.

Low recombination rat¢ Intermediate recombination fate High recombinatioh rate
substitutions number| percentage  number percentage number  percentage
AT -> GC 178 37.2 232 44.8 198 48.6
GC -> AT 301 62.8 286 55.2 209 514
total 479 100 518 100 407 100

So according to our data, the expected GC content at equilibrium increases with recombination rate in human
processed pseudogenes. Using a similar method, we found the same relation for mouse processed pseudogenes
(data not shown). It could be explained by selection in favor of GC substitutions in GC rich regions or by biased
gene conversion (BGC). The latter is a neutral mechanism occurring during DNA-DNA mismatches. It causes
DNA to be repaired preferentially toward GC, so according to this mechanism recombination increasing
mismatches should also increase AT->GC mutations [21, 22]. But like selection, the impact of BGC on the
fixation process depends on the population size. Moreover, it is difficult to distinguish between the selective and
the BGC hypotheses because the predictions for the two models are the same. Using polymorphism data should
help us to test selective hypotheses. In this case, we should find a link between polymorphism and
recombination.
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