SUMMARY OF EXPERIENCE IN ANNOTATING AND ANALYSING
PSEUDOGENES

Pseudogenes have long been considered non-functional elements. However, recent studies
indicate that pseudogenes can be transcribed, translated and can play key regulatory roles. In
particular pseudogenes can regulate the expression of functional protein coding genes by
serving as a source of siRNAs, antisense transcripts, microRNA binding sites, or competing
mRNAs [1, 2, 3]. The pseudogenization process is also closely linked to loss-of-function
(LOF) events such as premature truncation of proteins, disruption of splicing and loss-of-
functional or structural domains [4, 5, 6]. Finally, the annotation of pseudogenes is important
in the analysis of personal genomes, providing a means to avoid errors in genotyping assays
and variant calling.

Pseudogenes are defined as disabled copies of functional genes. Depending on their formation
mechanism they can be referred to as unprocessed (originating through a gene duplication
event) or processed (originating through a retrotransposition event). A functional gene may
also become a pseudogene by acquiring a disabling mutation, if its function no longer confers
a fitness advantage to the organism due to a change in the environment or genetic
background. Such pseudogenes are called unitary pseudogenes. Pseudogenes provide
valuable opportunities to study the dynamics and evolution of gene functions.

PRELIMINARY RESULTS & EXPERIENCE WITH PSEUDOGENE ANNOTATION
Pseudogene Annotation Pipelines

Gerstein lab has substantial experience in pseudogene annotation and analysis. In
collaboration with the UCSC and Sanger groups, we have developed a variety of methods to
identify pseudogenes [7, 8, 9].

Pseudopipe, our in house automatic annotation pipeline, is fast and accurate [9] (See Fig
PG1). The pipeline takes as input all known protein sequences in the genome and using an
homology search is able to identify disabled copies of functional paralogs (referred to as
pseudogene parents). Based on their formation mechanism pseudogenes are classified into 3
different biotypes: processed, unprocessed and ambiguous. There is a good consensus overlap
between the human pseudogene prediction set obtained with Pseudopipe and the set manually
curated by the Gencode annotators [9]. Even more, the Pseudopipe predictions fueled the
manual curation of pseudogenes in GENCODE [9].

RCPedia, our newest pseudogene annotation pipeline focuses on the annotation of
retrotransposed (processed) pseudogenes [10] (see FIG PG1). This pipeline takes as input all
known protein coding RNA transcripts and using sequence alignment is able to identify all
possible retrocopies of functional genes. In the human genome there is an over 85%
consensus between processed pseudogenes predicted by RCPedia and those annotated using
Pseudopipe.
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FIG PG1. Automatic pseudogene annotation pipelines.

Retrofinder is the UCSC retrocopies annotation pipeline. Retrocopies can be functional
genes that have acquired a promoter, non-functional pseudogenes, or transcribed
pseudogenes. Retrofinder finds retroposed messenger RNAs (mRNAs) in genomic DNA [11].
Candidate retrocopies overlapping by more than 50% with repeats identified by
RepeatMasker [12, 13] and Tandem Repeat Finder [14] are removed. Retrocopies are
identified based on a score function using a weighted linear combination of features
indicative of retrotransposition. These include: 1) Multiple contiguous exons with the parent
gene introns removed; 2) Negatively scored introns as distinguished from repeat insertions
(SVAs, LINEs, SINEs, Alus); 3) Lack of conserved splice sites; 4) Breaks in synteny with
mouse and dog genomes (syntenic net alignments [15]; and 5) Poly(A) tail insertion.

As a member of the GENCODE project, we used the pipelines to identify pseudogenes in
human, mouse, worm, fly, and other model organisms [8, 9, 16]. The identified pseudogenes
with related genomic and epigenomic data are available in our online databases [9, 16, 17,
18]. Moreover, using data from the 1000 Genomes Project in addition to the pseudogene
annotation resulting from our pipelines, we were able to study the impact of pseudogene in
human population variation. To this end we evaluated 2,504 individuals across 26 human
populations and we investigated the impact of coding and non-coding structural variants in
the human genome [19]. We described processed pseudogenes as a novel class of gene copy
number polymorphism that creates variability across populations. We were also able to
associate their origin mechanism to cell division [4].

Online Resources for Pseudogene Annotation and Analysis

Our experience in annotating and analyzing pseudogenes spans over a decade. Thus, we have
built a number of tools to organize and analyze the available pseudogene data in a consistent
and efficient manner.

We have built an online pseudogene repository, pseudogene.org [17] (see Fig PG2), that
provides information regarding annotation and functional characterization of pseudogenes.
Currently pseudogene.org hosts the human (psiDR [9]), and mouse pseudogene resources. It
also provides a comparative pseudogene resource, psiCUBE [16], focused on cross species
annotation and analysis of pseudogenes in a variety of model organisms. Both psiDR and
psiCUBE also provide information regarding evolutionary and functional characterization of
pseudogenes in the curated genomes.



Pseudogene.org also hosts Pseudofam [18], the pseudogene family database. Pseudofam
resources focus on clustering pseudogenes into families based on their functional homolog
protein family. Currently there are 10 eukaryotic genomes including human and

mouse. Pseudofam also contains segmental duplication information associated with the
human pseudogene dataset.
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PG2. Pseudogene.org interface linking the available pseudogene tools and resources

In order to record the structural and functional relationship between the pseudogenes within a
family, we developed a pseudogene ontology [20]. The pseudogene ontology is used in the
generation of the GENCODE genomes annotation resource.

Current Results on Pseudogenes as Part of GENCODE in Human and Model
Organisms

Our experience with annotating pseudogenes spans more than fifteen years. Over time we
have annotated and reviewed pseudogenes in a variety of species ranging from prokaryotic
organisms (archaea and bacteria) [21, 22], to yeast [23, 24], plants [25], worm [26], fly [27,
28], and a wide range of vertebrates (e.g. zebrafish, mouse, rat, chimp, and human) [24, 29,
30, 31, 32]. Our involvement in the GENCODE project started over a decade ago and ever
since we have led and contributed to the identification and characterization of pseudogenes in
human and model organisms (see Fig PG3).

Leveraging on the completed annotation of protein coding genes in human, worm and fly we
were able to provide the complete and comprehensive set of pseudogenes in these organisms.
In order to elucidate the role played by pseudogene in genome biology we integrated the
annotation data with variation and functional genomics information.
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PG3. GENCODE human pseudogene distribution in various releases.

In this respect we identified 14505 pseudogenes in human, 911 in worm, and 145 in fly [9,
16]. A close comparison of the three genomes shows that pseudogenes complements do not
follow the genome size or the number of protein coding genes in the genome, highlighting the
species specific evolution of pseudogenes. This specificity is also reflected at pseudogene



biotype level, where processed pseudogenes resulting from the burst of retrotransposition
events that occurred at the dawn of primate lineage dominate the mammalian genomes, while
the smaller fraction of duplicated pseudogenes hints at shared ancestry with more distant
species [16].

We conducted a systematic analysis of human pseudogenes focusing on large groups of
pseudogenes such as ribosomal pseudogenes [24, 29, 33], unitary [34] and polymorphic
pseudogenes. The latter are a peculiar class of pseudogenes with a dual behaviour — their
sequence is disabled in the reference genome but in some individuals, it encodes a functional
gene. We conducted a comprehensive review of polymorphic pseudogenes [6].

Despite the presence of disabling mutations such as premature stop codons, loss of promoters
in the upstream sequence, numerous studies have shown that pseudogenes can be transcribed
and even translated [35, 36, 37, 38, 39].

PRELIMINARY RESULTS AND EXPERIENCE WITH FUNCTIONAL
CHARACTERIZATION OF PSEUDOGENES

We integrated ENCODE functional genomics data to obtain a comprehensive map of
pseudogenes activity in human and other model organisms. We found that transcription
signals have been observed for some pseudogenes and that the majority of pseudogenes (75%
in human and 60% in worm and fly) have a large range in biochemical activity (e.g. presence
of transcription factor or polymerase II binding sites in the upstream region, active chromatin,
etc) (see Fig PG4). Moreover, we found 1,441, 143, and 23 transcribed pseudogenes in
human, worm, and fly, respectively. We also identified 878 transcribed pseudogenes in mouse
and 31 in zebrafish. These numbers represent a fairly uniform fraction (~15%) of the total
pseudogene complement in each organism reflecting the similarity across phyla observed in
their transcriptomes.
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Fig PG4. Pseudogene activity. Distribution of pseudogenes as a function of various activity
features: transcription (Tnx),
active chromatin (AC), and presence of active Pol Il and TF binding sites in the upstream
region.

Among transcribed pseudogenes, ~13% in human and ~30% in worm and fly have a
discordant transcription pattern with their parent genes over multiple samples. A large
fraction of pseudogenes are associated with a few highly expressed gene families, e.g. the
ribosomal proteins in human [16].

The parent genes of broadly expressed pseudogenes tend to be broadly expressed as well, but
the reciprocal statement is not valid. Specifically, only 5.1%, 0.69%, and 4.6% of the total
number of pseudogenes are broadly expressed in human, worm, and fly, respectively.
However, in general, transcribed pseudogenes show higher tissue specificity than protein-
coding genes [16].

We have also investigated pseudogene transcription by using the RNA-Seq data from the
Illumina Human BodyMap data across 16 different tissues. Amongst all the transcribed
pseudogenes identified, only a tiny proportion (~3%) are transcribed in all the 16 tissues,



while the transcription of all the other pseudogenes show different degrees of tissue
specificity. Furthermore, more than 50% of the transcribed pseudogenes are transcribed in
one tissue only. While testis contained the largest number of transcribed pseudogenes,
skeletal muscle contained the least [9].

PRELIMINARY RESULTS & EXPERIENCE WITH ANNOTATION AND
ANALYSIS OF LOSS-OF-FUNCTION EVENTS

A loss-of-function (LOF) event is a genetic event that results in a severe disruption of the
protein coding gene. Some LOFs can impact only one individual, resulting in the inactivation
of an essential gene, which may lead to disease, while other LOFs can become fixed in the
population as nonfunctional relics, through the pseudogenization process of the affected gene.
The identification, analysis, and characterization of LOFs as either disease related or
pseudogenization precursors is especially important in the era of personal genome annotation

[6].

Moreover, the identification of pseudogenization/LOF events in mouse provides a very useful
resource for understanding LOF in humans, by using mouse LOF phenotypes as proxy for
human LOF events. To this end, the identification of mouse-specific unitary pseudogenes
(regions that are functional in human and non functional in mouse) is important in
highlighting human genes that can (have functional paralogs in mouse) or cannot (are
paralogs to unitary pseudogenes in mouse) be studied in mouse models [31, 40].

Taking advantage of the rich 1000 Genomes data, we have developed a tool, called Variant
Annotation Tool (VAT) [41] (see Fig PGS5), to systematically annotate and catalogue LOF
events in the human genome. This pipeline enables rapid and efficient annotation of genomic
variations (SNPs, indels and SVs) with respect to a reference genome and a gene annotation
model. VAT can be used to identify pseudogenization events such as premature STOPs as
well as polymorphic pseudogenes where a pseudogene in the reference genome becomes
functional in another genome due to genetic variability at the stop codon.
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FIG PGS. Variant annotation tool (VAT) architecture.

We applied our tools to the 1000 Genomes Phase 3 data and we were able to characterize
putative LOF events from individuals belonging to 26 different populations. While earlier
studies have suggested that on average the human genome contains ~100 genuine LOF
variants resulting in the total disablements of ~20 genes [5], we found this number to be
higher. On average the human genome contains 149—182 sites with protein truncating
variants, ~11,000 sites with peptide-sequence-altering variants, and around 500,000 variant
sites overlapping known regulatory regions (untranslated regions, promoters, enhancers, etc.)



[42]. Even more we were able to identify 24-30 sites per genome that are predicted severe
disease-causing variants.

In a similar manner we surveyed the impact of LOFs on personal genome annotation [6]. We
found that LOFs variants that introduce premature STOPs resulting in a gene truncation in the
reference genome can lead to an incorrect annotation of the gene. This highlights the
importance of correct LOF identification for an accurate annotation. Finally we have studied
the LOF events that results in a pseudogenization process. It is known that the loss-of-
function in duplicated pseudogenes happens right after the gene duplication processes [43].
To this end we have developed a pipeline to identify unitary pseudogenes in human [34] and
we explored the functional constraints faced by different species and the timescale of
functional gene loss [34]. All these results together with fully annotated sets of pseudogenes
are deposited in our repository at pseudogene.org.
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