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Pseudogenes have long been considered to be ‘dead’,
nonfunctional by-products of genome evolution. How-
ever, several lines of evidence now show that some
pseudogenes are transcriptionally ‘alive’, and a few
might even have biochemical roles. Therefore, the
boundary between genes (often considered to be ‘liv-
ing’) and pseudogenes (often considered to be ‘dead’)
might be ambiguous and difficult to define. Here, we
examine the evidence for and against pseudogene func-
tionality, and we argue that the time is ripe for revising
the definition of a pseudogene. Furthermore, we suggest
a classification system to accommodate pseudogenes
with various levels of functionality.

Pseudogenes and the common assumption of
nonfunctionality

In the late 1970s, researchers were mapping the chromo-
somal locations of several genes (e.g. the genes encoding 5S
rRNA [1] and globins [2]), and they stumbled on DNA
sequences that looked similar to functional genes but
contained genetic lesions such as truncations and prema-
ture stop codons. The term pseudogene was coined to
describe these gene lookalikes [1]. Since then, this termi-
nology has been used to encompass a group of genomic
sequences with the following two characteristics: first,
sequence similarity to a functional gene; and, second,
genetic defects that preclude the generation of functional
products [3-5]. The first feature can be characterized pre-
cisely by aligning the sequence of a pseudogene with that of
its paralogous gene(s). The paralog is often referred to as
the parental gene; however, mechanistically, it is the
ancestor of the parental gene from which the pseudogene
arose. For pseudogenes that have resulted from gene
‘death’ and do not have a functional paralog, the homolo-
gous gene(s) in a different species can be used to define
sequence similarity. The second feature, however, is rather
elusive but has conventionally been interpreted as
mutations that disrupt the capability of a sequence to
encode a protein or a structural RNA (e.g. rRNA and
tRNA), because these have traditionally been considered
to be the functional products of genes. This characteristic

Corresponding authors: Zheng, D. (deyou.zheng@yale.edu);
Gerstein, M.B. (mark.gerstein@yale.edu).
Available online 26 March 2007.

implies that pseudogenes are nonfunctional, a view that
has been accepted into the neutral theory of molecular
evolution [6].

It was, therefore, considered provocative by many when
a study by Hirotsune et al. in 2003 described a functional
pseudogene in mice: makorin 1 pseudogene 1 (Mkrnl-psl;
also known as makorinl-pl and MkrnI-pl; GenBank
Accession Number AF494488) [7]. But can pseudogenes
be functional? And how should the concept of ‘nonfunc-
tional’ be interpreted in defining pseudogenes? How could
this finding be amalgamated with the established evol-
utionary theory, which often uses pseudogenes as nonfunc-
tional and neutrally evolving DNAs for estimating various
parameters in evolution? The scientific community, especi-
ally those dealing with molecular evolution and gene or
pseudogene annotation, began to ponder these questions.

Although a recent study [8] has shown that the function
assigned to Mkrnl-psl is highly questionable, several
reports — including that proposing a function for Mkrni-
psl, an earlier report of a functional pseudogene in snails
[9], and the discovery of numerous transcriptionally ‘alive’
pseudogenes in humans [10,11], mice [12], plants [13] and
yeast [14] — have raised concern about the conventional
definition of pseudogenes. Therefore, we propose a modi-
fied definition that is based more on the sequence features
of pseudogenes than on their functional status. We focus
our discussion on pseudogenes that are derived from
protein-coding genes, but the main points also apply to
those derived from RNA-coding genes.

Nonfunctionality can be difficult to define

For the pseudogenes that were discovered in the 1970s,
and for the many others that were defined later using
biochemical experiments, it was clear that the sequences
had defects such as a lack of promoters, the presence of
frameshift or nonsense mutations, or a loss of splice sites
[3-5]. These changes are usually deleterious to protein-
coding genes, so the nonfunctionality is relatively trans-
parent in that there is no (functional) product. However,
those experimentally defined pseudogenes constitute only
a tiny proportion of the large number of pseudogenes
present in a variety of genomes [15]. For example, both
the human genome [16-18] and the mouse genome [19,20]
were estimated to contain ~20 000 pseudogenes. Even in
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small and compact bacterial genomes, up to 5% of all
gene-like sequences could be pseudogenes [21-23]: for
example, the Escherichia coli genome probably contains
hundreds of pseudogenes [22,24,25]. It is unlikely that the
functional status of most pseudogenes will be verified using
biochemical assays. And, although comparative genomic
methods could help to assess the nonfunctionality of a
sequence, these methods have various degrees of uncer-
tainty [17,18,21,26]. Fundamentally, the property of being
nonfunctional is difficult to establish, and the rule of there
being ‘no functional product’ does not hold for all pseudo-
genes, as discussed here.

Discovery of a putative functional NOS pseudogene in
snails

The ambiguity about nonfunctionality and pseudogenes
first emerged in 1999, when Michael O’Shea’s research
group investigated the gene encoding nitric oxide synthase
(NOS; GenBank Accession Number AF012531) in the snail
Lymnaea stagnalis [9]. They found that a NOS pseudogene
(GenBank Accession Number AF165914) was transcribed
in certain neurons in the central nervous system of L.
stagnalis and that the pseudo-NOS RNA could form an
RNA-RNA duplex with the mRNA transcribed from a NOS
gene in vivo. In this case, the transcript from the NOS
pseudogene is a natural antisense RNA. The formation of
this duplex was, in turn, sufficient to suppress the syn-
thesis of NOS proteins in neurons and has a role in memory
formation [9,27]. The unusual function of the NOS pseu-
dogene seems to have evolved through a gene duplication
and inversion [28]. Clearly, this result is inconsistent with
the established concept of pseudogenes being nonfunc-
tional. Nevertheless, this NOS pseudogene does have
defects, including multiple premature stop codons in all
three reading frames of its transcript [9]; therefore, unlike
its parental gene, it cannot encode a protein.

Controversy over a putative ‘functional’ pseudogene in
mice: Mkrn1-ps1
Even molecular biological experiments can fall short of
revealing the functional status of a sequence. In 2003, a
mouse pseudogene that seemed to have a regulatory role
in development was reported [7]. While characterizing
transgenic mice carrying the Drosophila gene Sex lethal,
Hirotsune et al. obtained one line of transgenic mice that
died shortly after birth as a result of multiple organ failure.
Subsequent biochemical and genetic investigations found
that transcription of the pseudogene Mkrnl-psl was dis-
rupted in these mice, owing to the insertion of Sex lethal. In
wild-type mice, Mkrnl-psl pseudo-RNA was suggested to
be essential for the stability of one particular mRNA iso-
form produced from the parental gene makorin 1 (Mkrnl;
GenBank Accession Number NM_018810). The proposed
function of Mkrnl-psl was further supported by the
authors’ finding that the abnormal development of the
transgenic mice could be rescued by overexpression of
either Mkrnl-ps1 or Mkrnl [7]. The evidence was so com-
pelling that a functional mammalian pseudogene seemed
to have been identified.

There is, however, one problem with this work, and this
has proven to be costly. In a follow-up study [8], Gray et al.
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demonstrated that Mkrnil-psl was not transcribed, so the
‘legend’ of Mkrnl-psl seems to be fading away. The new
study contended that the transcript that was originally
attributed to Mkrn1-ps1 was an overlooked mRNA isoform
from the Mkrnl locus. Furthermore, the 5'-regions of both
MFkrnli-psl alleles were shown to be fully methylated, so
this pseudogene is unlikely to be transcribed. These contra-
dictory results underscore the difficulty in evaluating the
functional status of a pseudogene.

Pseudogene transcription

Pseudogene transcription has been observed in both
small-scale gene-centered studies [3] and genome-scale
unbiased mapping of transcriptionally active regions in
the human genome and the mouse genome. Several sur-
veys have provided a conservative estimate that 5—20% of
human pseudogenes can be transcriptionally active
[10,11,29,30]. However, in a report from the Functional
Annotation of Mouse (FANTOM) project (http:/fantom.
gsc.riken.go.jp), 9278 of the ~100 000 full-length mouse
c¢DNA sequences were probably from mouse pseudogenes,
suggesting ~50% of mouse pseudogenes can be transcribed
[12]. The ENCyclopedia Of DNA Elements (ENCODE)
project (http:/www.genome.gov/ENCODE) will provide
more-systematic evidence for the scale of pseudogene tran-
scription in humans.

Because many pseudogenes have high sequence
similarities to functional genes and because some are
almost identical to their parental genes, obvious concerns
in these analyses include cross-hybridization and erro-
neously assigning mRNAs of parental or paralogous genes
to pseudogenes. In practice, these issues are often
addressed computationally by assigning an RNA (or the
transcriptional evidence associated with the RNA) to a
pseudogene only if the RNA shows a higher sequence
identity to the pseudogene locus than to other genomic
region(s) [11,30]. Such an approach is markedly conserva-
tive and does not entirely resolve ambiguous cases. Never-
theless, it is preferred in the analysis of pseudogene
transcription, especially if transcription is to be coupled
to a biochemical function.

Pseudogene transcription in the context of genome
transcription

Traditionally, pseudogenes have been thought to be tran-
scriptionally silent, so a strong skepticism might exist
concerning the phenomenon of pseudogene transcription.
Is it actually possible? Studies of transcribed regions in
the human, mouse and other genomes have revealed that
the transcriptome is more complex than was expected
[31,32]. Not only is most of the mammalian genome
transcribed but also more than half of the transcribed
regions are mapped outside known genes. This picture
has now emerged from numerous studies, which used
several distinct high-throughput techniques, including
tiling microarrays, various tag sequencing methods and
full-length cDNA analysis (reviewed in Refs [31] and [32]).
Given this finding, perhaps we should not be entirely
surprised that pseudogenes, which seem to be as abun-
dant as protein-coding genes in the human genome, con-
tribute to the complex pool of the human transcriptome.
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It is worth emphasizing that the evidence for pseudogene
transcription in the large-scale studies mentioned earlier
[10,11,29,30] was largely derived from processed RNAs.
In addition, carefully designed conventional biochemical
experiments have established evidence for the transcrip-
tion of many pseudogenes, including the B-globin pseu-
dogene (HBBPI1; GenBank Accession Number X02133)
[33], an interferon pseudogene (IFNAP22; GenBank
Accession Number NG_005640) [34], a DNA topoisome-
rase I pseudogene [35] and a pseudogene derived from a
gene encoding a heat-shock transcription factor (HSFY)
[10,36].

Pseudogene transcription and function

Does pseudogene transcription provide an indication of a
stochastic cellular process or an intrinsic biological func-
tion? The answer is, perhaps both. There is no doubt that
(duplicated) sequences that have recently become pseudo-
genes can have some residual transcriptional activity, but
the biological implication of this is unclear. Even if such
transcribed pseudogenes influence the expression of their
parental or paralogous genes — for example, owing to com-
petition for cellular RNA degradation machinery [7] — their
‘functions’ might simply be a consequence of their initial
temporarily high sequence identities to their parental genes
and, therefore, these functions could eventually be lost after
these pseudogenes accumulate more mutations. Retrotran-
sposed sequences (also known as retroposed sequences) can
also be transcribed if they land in the neighborhood of an
active promoter; in fact, transcribed processed (i.e. retro-
posed) pseudogenes are markedly enriched near both the 5'-
ends and the 3'-ends of genes [11]. Several hundred new
protein-coding genes in primates might also have risen
through this mechanism [37-39]. Some of these retroposed
genes presumably have functions different from those of
their parental genes. If evolution can produce novel protein-
coding genes through retroposition, then how can we
exclude the possibility that novel noncoding RNA (ncRNA)
genes can arise from the same process?

More generally, given that the evolutionary ‘bricolage’
can take advantage of any opportunity to evolve new
functions from existing sequences, and given that pseudo-
genes derive from functional genes, pseudogenes are cer-
tainly predisposed to be exapted (i.e. to acquire novel
functions that differ markedly from the initial function
of these sequences). Indeed, it has long been speculated
that pseudogenes could be a source of regulatory RNA
because of their sequence similarity to their parental genes
[40]. The finding that the NOS pseudogene functions as an
antisense RNA [9] clearly adds support to this hypothesis.

How many ways can a pseudogene be functional?

The evolutionary process undergone by the NOS
pseudogene [9] is also proposed to be the mechanism for
the evolution of some genes encoding microRNAs: for
example, Arabidopsis thaliana MIR161 and MIRI163
evolved by inverted duplication of their target protein-
coding genes [41]. Sometimes, pseudogenes can also con-
tribute indirectly to cellular functions by hosting novel
functional elements. The human XIST ncRNA gene (Gen-
Bank Accession Number NR_001564), the key initiator of
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Table 1. Classification of genes and pseudogenes

Dead pseudogene

Ghost pseudogene (some intermediate functionality):

Living gene

(no indication of functionality):

similar to a functional gene, transcribed and/or functional

retains fading similarity to a functional

gene, not transcribed, evolves neutrally

Non-disabled
pseudogene

Disabled

Dying pseudogene:

Piggy-back pseudogene:
hosts unrelated, novel
functional sequences

Exapted pseudogene:

pseudogene

dying but retains some transcriptional activity

gain of a defined, new
biological function

Parent

Non-ORF
transcript
Retains

Truncated
transcript

Chimeric

Not parent

transcript

associated
Regulates

associated
Regulates

With obvious

Without obvious

Generates a
truncated,

Can form a
chimeric

As above

Expressed, and

Key features®

genetic defects,
disrupted ORF

genetic defects,
‘normal’ ORF

transcriptional

the function
of a gene

the function

of its

exons specify a
protein with a

activity, transcript
contains no ORF

functionless

transcript with

transcript with

an ORF

RNA transcribed

from its

other than its

parent

parental
gene

defined biological

function

neighboring gene
An RPL23A
pseudogene

An RPL21 A GAPDH

HBBP1 [33]

A TCP10

Host gene of the

XIST [42]

B-Globin-encoding A NOS

gene [33]

Example

pseudogene [18]

pseudogene [18]

pseudogene

[51]

snoRNA U19 [46]

pseudogene

(9l

fused with an

HLA-F-encoding
gene [48]

Figure 1f Not shown Figure 1g Figure 1b

Figure 1e

Figure 1d Figure 1d

Figure 1c

Figure 1a

Illlustration

2Abbreviation: ORF, open reading frame.
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X chromosome inactivation, evolved from a pseudogene:
two of its eight exons are relics of a disabled protein-coding
gene [42]. Similarly, the host genes of some small nucleolar
RNAs (snoRNAs) — for example, human U19 and U22 and
mouse U22 — have been proposed to be derived from
protein-coding genes that have lost their protein-coding
potential [43-46], although in these cases the functional
relatives of the putative pseudogenes have not been ident-
ified. Alternatively, pseudogenes might have functioned as
DNA reservoirs for increasing antibody diversity in
humans, chickens and other vertebrates, through gene
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conversion [3,47]. The flip side of this is that pseudogenes
can swap their ‘bad’ DNA into their functional paralogs
and, consequently, cause diseases in humans [16].

The diverse ways that a genomic sequence can realize
its biological function have made it difficult to define a
nonfunctional sequence, as elaborated in Table 1 and
illustrated in Figure 1. It has also been found that parts
of the transcripts of several pseudogenes can fuse with
mRNAs from adjacent functional genes to form chimeric
RNAs [48]. Do we consider these pseudogenes to be
functional? Furthermore, there are pseudogenes that are

Functional gene Intermediate cases Dead pseudogene
(a) (c) (d) (e) (f) (9) (b)
I —_—
S S
—
I — M
A processed
L pseudogene
I that is not
disabled and
- has no
- ? romoter
L L | Aduplicated P
I I pseudogene
— with a truncated
> ™| transcript
A pseudogene with a transcript A pseudogene, the decayed A pseudogene with a transcript that
that can form an RNA-RNA DNA of which contributes to can form a chimera with mRNAs from
duplex with mRNAs from its part(s) of a new ncRNA gene  a functional gene
parental gene (e.g. a NOS (e.g. XIST gene)
pseudogene)
Key:
Mutations disrupting
| Promoter [ |Exon [ Pseudo-exon RNA 4 peolbimoning
TRENDS in Genetics

Figure 1. The distinction between genes and pseudogenes can be vague. In most cases, the separation of genes and pseudogenes is clear. A gene (a) can be expressed, and
its exons are joined to specify a protein sequence with a defined biochemical function. By contrast, a completely dead pseudogene (b) does not encode a functional product
owing to lack of a promoter or other sequence defects that disrupt protein coding (such as frameshift or nonsense mutations). However, such distinctions can become
elusive in many scenarios. First, even though a pseudogene cannot encode a protein, its RNA transcript might have regulatory roles (c): for example, a snail NOS
pseudogene [9] is implicated in regulating the function of its parental gene. This occurs through the formation of an RNA-RNA duplex that is mediated by an antisense
region in the pseudo-NOS RNA, which is generated from an inversion mutation after gene duplication [28]. Second, the remnant of a dead gene can be combined with new
DNA to generate a new gene (d): for example, the human XIST ncRNA gene [42]. Cases ¢ and d are more appropriately called functional pseudogenes (or exapted
pseudogenes). Third, the transcripts of certain pseudogenes, or at least some of their sequences, can be found in gene-pseudogene chimeric transcripts [48] (e), although
the functional implications of such transcripts have not been established. Pseudogene assignment for the examples illustrated in (f) and (g) can also be debatable. Even
though a pseudogene has disrupted exon(s), a modified transcript with a new open reading frame (ORF) might be produced if the disrupted exon(s) are skipped (f). Some
retroposed sequences have an intact ORF but do not have an easily detectable promoter (g), so it can be difficult to determine whether such sequences are retroposed
functional genes or processed pseudogenes. Some sequences in category (f) or (g) might be young pseudogenes; the ambiguity in categorizing these sequences results
from pseudogenization not necessarily being an instantaneous process (i.e. a gene copy accumulates disabling mutations randomly and progressively after it has lost its
function). If we assume that the functionality of these young pseudogenes can be approximated by their protein-coding potential, then analysis of K /K (i.e. the ratio of
nonsynonymous substitutions to synonymous substitutions), the pattern of insertions and deletions, or the evolutionary rate periodicity [52] that is observed in protein-
coding sequences should distinguish these sequences.
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under evolutionary constraint, and some of these are
transcribed [10,11,29]. But are they good candidates for
functional DNAs? One particular example is the pseudo-
gene VEst-6 in Drosophila, which seems indispensable for
the function of the p-esterase (Est) gene cluster, but
the exact molecular mechanism underlying this is unclear
[49].

Suggested revision of current pseudogene definition
The dilemma is what to call the sequences that seem to be
derived from functional genes and have lost their protein-
coding potential but might have biological functions. Con-
sidering that the definition of genes is increasingly blur-
ring, as it is about to include heritable units of DNA
sequence with various functions other than encoding
proteins [32,50], we suggest that such sequences could
still be called pseudogenes. As such, we define pseudo-
genes as genomic sequences that arise from functional
genes but that cannot encode the same type of functional
product (i.e. protein, tRNA or rRNA) as the original genes.
Under this definition, retroposed genes would not be
considered to be pseudogenes, because they encode the
same type of product (protein) as their parental genes.
This definition, however, does not exclude the possibility
that a pseudogene can be transcribed or even functional in
another context, although we consider that functional
pseudogenes are rare instances of evolution. Certainly,
we can restrict our definition to sequences that are non-
functional. Such a definition is conceptually superior but,
in practice, is extremely difficult to apply, because exhaus-
tive investigation is required to define nonfunctionality.
Some researchers might even argue that none of the
known pseudogenes meets this criterion. We further
suggest that several scenarios should be considered in
defining functional or nonfunctional pseudogenes
(Table 1).

Our proposed definition resolves the intrinsic irony of
functional pseudogenes. To make the terminology clearer,
it might be useful to refer to functional pseudogenes as
exapted pseudogenes: this would indicate that they have
been recruited to have a new function, and it would dis-
tinguish them from completely dead pseudogenes (i.e.
functionless pseudogenes) and recently generated pseudo-
genes (i.e. those on their way to becoming completely dead
pseudogenes). We also would like to point out that pseu-
dogenes have previously been proposed to be ‘potogenes’
because of their potential to acquire new function and thus
become genes [3,49].

Concluding remarks

It seems that, so far, there are only a few cases of functional
pseudogenes in eukaryotes. Considering the diversity of
how these pseudogenes carry out their function and the
prevalence of pseudogenes in mammalian genomes, we
anticipate that many more functional pseudogenes (or
exapted pseudogenes) remain to be discovered. Eventually,
we would like to see more studies directly targeted at
pseudogene loci to prove convincingly the existence of a
functional pseudogene. Before then, perhaps we should
prepare ourselves by updating the definition of pseudo-
genes.
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