
Human Lineage-specific
Gene Inactivation
Wendy E Grus, University of Michigan, Ann Arbor, Michigan, USA

Jianzhi Zhang, University of Michigan, Ann Arbor, Michigan, USA

Pseudogenes are nonfunctional vestiges of genes. Investigating genes that were

inactivated specifically on the human lineage can reveal the genetic basis of inter-

species differences between humans and chimpanzees and inter-individual differences

within humans. It can also help to understand the specific selective pressures that were

altered during human evolution.

Introduction

Pseudogenization is an evolutionary phenomenon where-
by a gene loses its functionbydisruption to its regulatory or
coding sequence. Such loss of function is generally thought
to be detrimental to an organism and selectively disadvan-
tageous. Since gene loss leads to immediate loss of gene
function, it probably affects organisms to a greater extent
than do most amino acid replacements. However, if a non-
essential gene is pseudogenized, there may be no selective
disadvantage and such pseudogenization can be selectively
neutral. Recently, Olson proposed the ‘less-is-more’ hy-
pothesis, suggesting that gene lossmay serve as an engine of
evolutionary change (Olson, 1999). This hypothesis is par-
ticularly intriguing for human evolution, as several human
gene losses have been proposed to provide opportunities
for adaptations and be responsible for human-specific phe-
notypes. Thus, studies identifying gene losses specific to the
human lineage could help unravel the genetic basis for the
biological differences between humans and their close pri-
mate relatives anddetermine how selection influenced these
genetic changes. See also: Pseudogenes and their Evolution

Currently, over 16 000 pseudogenes are estimated to be
present in thehumangenome(http://www.pseudogene.org).
Many of these are unprocessed pseudogenes, meaning that
they contain remnants of the exon–intron structure of a
functional gene but that have insertion, deletion or substi-
tution mutations that eliminate their ability to produce a
complete functional protein. These pseudogenes represent
previously functional genes in the genome that have been
lost during evolution. Humans share the majority of these
unprocessed pseudogenes with our close primate relatives,

such as chimpanzee or gorilla, becausemanypseudogenizat-
ion events occurred in the common ancestor of these pri-
mates. However, pseudogenization events that occurred
along the human lineage since the human–chimpanzee split
can divulge information about selection pressures and ge-
netic changes unique to our species. See also: Genome Or-
ganization: Human
Pseudogenization is an ongoing process in genome

evolution, and many human genes have segregating pseu-
dogenes, meaning that some human individuals contain
functional alleles while others have nonfunctional alleles.
The presence of segregating pseudogenes in the human gen-
ome reveals that these gene inactivation events occurred
relatively recently. The segregating pseudogenes allow for
different individuals tohavedifferent sets of functional genes
and thus may explain inter-individual differences in pheno-
type. Additionally, they allow the use of population genetics
to determine the evolutionary forces driving the spread of
the pseudogenized allele in the population.
Human-specific pseudogenes, with putatively functional

chimpanzee orthologues, have been identified with both
systematic comparative genomic studies and in individual
case studies. Both types of studies reveal an overwhelming
overrepresentation of genes of chemosensory or immune
response function that became pseudogenized in humans.
They also identified human-specific pseudogenes that ex-
plain some of our obvious phenotypic differences from our
primate relatives. See also: Chemosensory Systems; Di-
vergence between Human and Chimpanzee Genomes and
its Impact on Protein and Transcriptome Evolution; Gene
Deletions in Evolution; Primate Evolution:GeneLoss and
Inactivation; Vertebrate Immune System: Evolution

Chemosensory Gene Loss in the
Human Lineage

In a systematic identification of 67 human-specific pseu-
dogenes, Wang and colleagues found that over half were
odourant receptors and two were bitter taste receptors
(Wang et al., 2006). Massive loss of odourant receptor
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genes appears to have also occurred in nonhuman Old
World primates, although the extent may be smaller in
these species than in humans (Gilad et al., 2004). Genes
responsible for vomeronasal olfactory sensitivity have also
been inactivated inOldWorld primates (Zhang andWebb,
2003). The loss of these olfaction-related genes may reflect
a shift from relying on olfactory cues as a means of com-
munication to relying more on visual cues with the acqui-
sition of a full trichromatic vision in the common ancestor
of Old World primates (Zhang and Webb, 2003; Gilad
et al., 2004). See also: Olfaction; Olfactory Receptors

While there was no survey of population variation in the
odourant receptor pseudogenes identified from the system-
atic study,many segregatingodourant receptor pseudogenes
have been previously observed in humans, suggesting vast
intra-population and inter-population differences in human
olfactory ability. For example,Menashe and colleagues sur-
veyed 51 odourant receptor pseudogene loci in 189 individ-
uals of different ethnic descent (Menashe et al., 2003).
Twenty-six of the 51 loci were found to have segregating
alleles resulting in 178 different combinations of functional
andnonfunctional odourant receptors at these 51 loci. These
authors estimated that the human genome contains at least
60 segregating odourant receptor pseudogenes. Consistent
with this estimate, theHumanOlfactoryReceptorDatabase
Exploratorium (HORDE; http://bioportal.weizmann.ac.il/
HORDE/) reports 61 segregating pseudogenes. It is unclear
as whether the inter-individual and inter-population differ-
ences in human functional odourant receptor repertoire are
shaped entirely by random inactivation mutations and ge-
netic drift or are inpartdue todifferentialnatural selection in
different geographic regions and environments.

Similar to odourant receptor gene loss, pseudogeniza-
tion of bitter taste receptors appears to be increased in the
human lineage compared to other primate lineages. Since
the last commonancestor of humans and chimpanzees, two
bitter receptors have become fixed pseudogenes in the hu-
man lineage, but none in the chimpanzee lineage (Wang
et al., 2004). Because bitter taste receptors are mainly used
to detect toxic compounds in diet, loss of bitter receptors
likely reflects a change in diet behaviour in human evolu-
tion, such as the reduction in the consumption of plant
tissues, which containmore toxins than animal tissues, and
the use of fire for cooking and detoxification. However,
some bitter receptors were also lost in other primate lin-
eages and the causal relationship between diet and bitter
receptor pseudogenization is not always clear.Also, similar
to odourant receptors, not all gene loss in bitter receptors
has been fixed. For example, two human segregating bitter
receptor pseudogenes of low to moderate frequency of
pseudogenized allele (2.3 and 25%) have been reported
(Wang et al., 2004). These fixed and segregating pseudo-
genes reflect a relaxation from purifying selection on bitter
receptors that occurred in human evolution. Although
some studies have found positive selection acting at some
human bitter receptor genes, the majority of the human
bitter receptors appear to be evolving neutrally (Wang
et al., 2004). See also: Taste: Cellular Basis

Immune Response Gene Loss in the
Human Lineage
Besides the overrepresented inactivation of chemosensory
genes, human-specific pseudogenization is frequent in
genes that had a function in immune response and host
defence. An additional 10 pseudogenes identified in Wang
et al.’s systematic study had function in immune response
or host defence (Wang et al., 2006). This overrepresenta-
tion is also observed in the individual case studies. For
example, the human-specific inactivation of the gene
encoding the enzyme cytidine monophosphate (CMP)-
N-acetylneuraminic acid hydroxylase (CMAH) led to the
deficiency of the mammalian common sialic acid Neu5Gc
(N-glycolylneuraminic acid) on the human cell surface.
This inactivation was due to an Alu-mediated sequence
replacement that occurred about 2.7 million years ago and
may have had several important consequences to human
biology and evolution (Chou et al., 1998, 2002), such as
malaria susceptibility. Interestingly, parallel loss has oc-
curred in the sialic acid binding immunoglobulin (Ig)-like
lectin (SIGLEC) gene family, and SIGLEC13 has been lost
in the human lineage (Angata et al., 2001). Additionally,
onehuman-specific pseudogene is similar in sequence to the
mannose-binding lectin genes, which mediate responses
against invading microorganisms as part of the innate im-
mune system (Wang et al., 2006). Another gene in this gene
family, MBL1, is a pseudogene in all hominoid primates
and a third gene, MBL2, is a segregating pseudogene in
humans. Interestingly, mice deficient for Mbl1 have in-
creased survival rate for peritoneal sepsis, suggesting a
possible selective agent for this gene loss in primates. How-
ever, these mice also had a greater risk of infection follow-
ing a burn. This negative pressure was likely not a factor in
the pseudogenization ofMBL1 because it was pseudogeni-
zed in primate evolution much earlier than humans were
able to domesticate fire use.
There are other immune differences between humans

and our primate relatives that are likely mediated through
human-specific gene loss events. For example, the napsin B
peptidase gene (NAPSB) lacks an in-frame stop codon and
has a missense mutation at a crucial catalytic site, yielding
no protein product despite abundant transcription in cell
lines derived from immune cells (Tatnell et al., 1998).
Additionally, the haptoglobin gene cluster has undergone
parallel gene deletion events during primate evolution that
likely resulted in differences in immune response in humans
and other primates (Puente et al., 2005). Humans and
chimpanzees each have a unique two gene combination of
an ancestral three gene locus. The gene lost in chimpanzees,
HPR, could contribute to chimpanzee susceptibility to
Trypanosome parasites, and the parallel loss of the HPP
gene in humans likely has similar immune effects (Puente
et al., 2005). Further effects of gene loss on unique aspects
of human immunity could result from the human-specific
inactivation of epidermal growth factor (EGF)-like
module containing, mucin-like, hormone receptor-like
4 (EMR4), a member of the EMR gene family that is
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expressed in leukocytes (Hamann et al., 2003). BASE, a
gene of unknown function expressed in breast cancer tissue
and the salivary gland, has been inactivated in the human
lineage (Hahn and Lee, 2005). This gene is homologous to
members of the gene family PLUNC, which is a host-de-
fence gene family in mammalian upper respiratory systems
(Bingle et al., 2004). Another example is flavin-containing
monooxygenase 2 (FMO2). This gene has been almost
completely pseudogenized, although the functional copy
has a 4% frequency in African populations (Dolphin et al.,
1998). This gene is the pulmonary member of the FMO
gene family that catalyse the oxidation of xenobiotics and
drugs (Dolphin et al., 1998). Similarly, two genes involved
in drug metabolism, the putative N-acetyl transferase
Camello-like 2 (CML2) and transporter 2, adenosine
triphosphate (ATP)-binding cassette, subfamily B (TAP2),
are segregating pseudogenes in humans (Hahn and Lee,
2006). Many other human-specific pseudogenes belong to
gene families related to immune response or host defence,
such as T-cell receptors and immunoglobulins. This abun-
dance of pseudogenes suggests a shift in pathogen infection
and susceptibility in the human lineage since its divergence
from the chimpanzee lineage, as reflected by the difference in
susceptibility to human immunodeficiency virus/simian
immunodeficiency virus (HIV/SIV), malaria and other dis-
eases between humans and their great ape relatives. Addi-
tionally, inter-population differences in the frequency of
pseudogenized alleles for genes in these gene families suggest
populationdifferences in encounterswith certainpathogens.
See also: ATP-Binding Cassette (ABC) Transporter Super-
gene Family: Genetics and Evolution; Immunology: Com-
parative Immunology of Mammals; Simian Retroviruses

Although loss-of-function mutations are generally
thought to be deleterious, some are observed at high fre-
quencies. These high-frequency pseudogene alleles might
indicate that the pseudogenization is beneficial and the
pseudogenized allele might be increasing in frequency by
positive selection. The best example of this type is the
pseudogenization of CASPASE12. Outside of Africa, all
human populations have a pseudogene allele of CA-
SPASE12. However, in African populations there is still
a 10% incidence of the functional version of this gene.
Interestingly, it was found that those with the functional
alleles aremore likely to suffer from severe sepsis than those
with pseudogenized alleles. To investigate if the pseudo-
gene allele increased in frequency by positive selection for
its ability to reduce severe sepsis or if it increased by chance,
Wang and colleagues investigated the nucleotide sequence
variation in functional and pseudogenized alleles (Wang
et al., 2006). Based on decreased nucleotide variation in the
pseudogenized allele near the pseudogenizing mutation
(Figure 1) and other population genetic evidence, the au-
thors inferred that the spread of the pseudogenized allele
was promoted by positive selection. They also estimated
thatCASPASE12 became a pseudogene shortly before the
out-of-Africa migration of modern humans. The func-
tional human CASPASE12 acts as a dominant-negative
regulator of essential cellular responses including the

nuclear factor-kappa B (NF-kB) and interleukin (IL)-1
pathways; it attenuates the inflammatory and innate im-
mune response to endotoxins. Because an appropriate level
of immune response that is neither excessive nor insufficient
is important to an organism, the immune suppression
function of CASPASE12 likely become harmful when the
immune system cannot fully respond to a challenge. It is
possible that during human evolution alterations in our
genetic and/or environmental background resulted in a
malfunction of the immune response to endotoxins, which
rendered thepreviously necessary functionofCASPASE12
deleterious in humans and the pseudogenized allele advan-
tageous over the functional one. See also: Cytokines as
Mediators of Disease
While the selective pressure for the spread of the CA-

SPASE12 pseudogenized allele has been discerned, not all
suchpseudogenes have anobvious selective advantage.For
example, a pseudogenized allele for the chemokine receptor
CCR5was thought to have increased its frequency by pos-
itive selection. The pseudogenized allele CCR5D32 is
present at relatively high frequencies in some European
populations (up to 16%). Homozygotes for this pseudo-
genized allele are resistant to certain infectious diseases
such as acquired immunodeficiency syndrome (AIDS).
Since HIV has been around for less than a century, its
impact on the frequency of CCR5D32 is minimal. Thus, it
was hypothesized that resistance to diseases earlier in hu-
man history, such as the bubonic plague or smallpox, led to
selection for CCR5D32. However, further population ge-
netic studies and allele frequencies for this gene from
BronzeAge samples (long beforeCCR5D32was thought to
have arisen) suggest that there was no positive selection
promoting the spread of CCR5D32 and that its relatively
high frequency among Europeans was simply due to
chance (Sabeti et al., 2005). See also: Human Im-
munodeficiency Virus (HIV) Infection: Genetics

Morphological Impacts of Gene Loss in
the Human Lineage

Other human-specific pseudogenes help discern some of
the physical differences between humans and chimpanzees.
For example, the pseudogenization of the sarcomeric myo-
sin geneMYH16 at the time of the emergence of the genus
Homo is thought to be responsible for the marked size re-
duction in hominin masticatory muscles, which may have
allowed the brain size expansion inHomo (Stedman et al.,
2004). However, a subsequent study gave a much earlier
time for the pseudogenization event, yielding it unrelated to
the brain size expansion (Perry et al., 2005). Regardless of
its effect on brain size, the pseudogenization of MYH16
probably resulted in distinct craniofacial muscle and skel-
etal structure in humans compared to other primates
(Figure 2). Additionally, human type I hair keratin is a
pseudogene with functional orthologues in chimpanzee
and gorilla (Winter et al., 2001). Loss of this gene in the
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human may reflect the difference in body hair patterns be-
tween humans and their great ape relatives. See also:
Keratins and Keratin Diseases; Myosin Superfamily

Gene Loss of Unknown Biological
Relevance

Some segregating pseudogenes have relatively high fre-
quency in human populations and population genetic
analysis of the locus indicates that the pseudogenized allele
is favoured by positive selection. However, unlike the case
of CASPASE12 where the pseudogenized allele decreased
the risk for severe sepsis, there is no documented physio-
logical benefit gained by the pseudogenized allele in these
cases. For example, the fast skeletal muscle fibre protein
a-actinin-3 (ACTN3) has a pseudogenized allele that has a
frequency of 10–50% in different human populations.
Homozygotes for the pseudogenized allele are overrepre-
sented in endurance runner athletes, but not sprinters or
power athletes. Interestingly, mice that are deficient
for Actn3 can run 33% further than wildtype mice
(MacArthur et al., 2007). A population survey in humans
indicates that selective sweeps for the pseudogenized allele

occurred 15 000 and 33 000 years ago for European and
Asian populations, respectively. While MacArthur and
colleagues suggested positive selection for more efficient
aerobic muscle metabolism as the driver of these sweeps,
the direct benefit of this physiological difference to humans
remains unclear.
Another example of an increase in pseudogene frequency

in human evolution is in the SERPINA2 locus, which en-
codes a serpin peptidase inhibitor (Seixas et al., 2007).
A population genetic survey reveals that the frequency of a
SERPINA2 pseudogenized allele is 85% in Sao Tome,
West Africa and 67.5% in Portugal. Linkage disequilibri-
um studies reveal decreased polymorphism in the pseudo-
genized allele haplotypes indicative of a selective sweep
increasing their frequencies. However, the physiological
benefit of this pseudogenized allele remains unclear. Based
on the expression patterns of the functional alleles, this
gene may have been involved in reproduction. Consistent
with this explanation, comparative genomics studies of
proteases and protease inhibitors reveal many lineage-
specific gene gains and losses in protein families including
serine protease inhibitor (SERPIN) that could reflect
differences in reproduction. Alternatively, the loss of SER-
PINA2might reflect differences in host–pathogen interac-
tions, especially pathogens found in the reproductive tract.

15 kb1050   −5−10−15−20
0

0.1

0.2

0.3

0.4

0.5

1 2 3 4 5 6 7  8 9

� 
(%

)

CASPASE12
5’ ∗ 3’

Human chromosome 11q22.3 

Figure 1 Nucleotidediversity in theCASPASE12gene innoncoding regions of thepseudogenizedallele and functional allele. Theexon structure forCASPASE12

is shown in thick blue bars. Nucleotide diversity (p) is significantly lower near the disrupting mutation (*) in exon 4 of the CASPASE12 pseudogenized allele

(red) than is observed in the functional allele (green). Red circles and green dots show the percent nucleotide diversity in the pseudogenized and functional

alleles, respectively, at each of nine noncoding regions within and around the gene (black bars). The rectangles surrounding the dots and squares show +1

standard error. The green dotted line is the average nucleotide diversity for the functional allele. The decreased diversity in the pseudogenized allele near the

disrupting mutation is indicative of a selective sweep for this pseudogenized allele. Adapted from Wang et al. (2006).
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Interestingly, the Serpina2 locus has been independently
pseudogenized in the chimpanzee lineage, suggesting that
similar selective pressures affect this locus in other pri-
mates. See also: Serpins: Evolution

In some cases, ‘inactivating mutations’ do not seem to
result in loss of function. For example, the secretoglobin
SCGB1D4 has a frameshift mutation in the C-terminal end
of the coding region that does not affect the important
functional domains of the protein, and the protein has been
shown to be functional in experimental assays (Hahn and
Lee, 2005). Similarly, the mutations occurred in the C-ter-
minus of neurotensin receptor NTSR2, phosphodiesterase
PDE3B and ubiquitin C-terminal hydrolase (UCH)-inter-
acting protein UIP1, reducing the lengths of these proteins
by less than 10 amino acid residues (Hahn and Lee, 2005,
2006). However, a mutation in the C-terminal region of a
protein is not always benign. For example, amutation in the
stop codon of the natriuretic peptide (NPPA) gene increases
the protein length by just two amino acids, but this length-
ened form of NPPA is associated with increased risk of
stroke (Rubattu et al., 2004). Besides coding region changes,
human-specific inactivating mutations have occurred in the
regulatory regions. The promoter and enhancer regions of
human pancreatic elastase 1 (ELA1) gene has acquired
many mutations compared to other mammals and it is no
longer expressed in the pancreas (Rose and MacDonald,

1997). However, the coding region of humanELA1 remains
intact suggesting that this genemight be expressed elsewhere
(Rose and MacDonald, 1997). Indeed, human ELA1 was
found to be expressed in skin cells (Talas et al., 2000). Since
other ELA genes are expressed in the human pancreas, the
functional consequences of this human-specific expression
change are unknown (Talas et al., 2000).

Conclusions

Gene loss that occurred specifically in the human lineage
reveals much about the evolutionary history of our lineage.
The overrepresentation of human-specific pseudogenes of
chemosensory and host-defence functions suggests that
many of the differences between human and chimpanzee
stem from our different environments. Segregating pseudo-
genes offer a more recent glimpse of human evolution.With
the increased amount of polymorphismdata generated from
human population genomic studies, more functional vari-
ation will be identified in human populations. These differ-
ences may help identify the genetic mechanisms underlying
the phenotypic variations among major ethnic groups.
Genetic differences between humans and their close pri-

mate relatives and those among human individuals have sig-
nificant biomedical implications. First, these lineage-specific
genetic changes present potential restrictions to using model
organisms for understanding human biology. Second, the
inter-individual genetic differences resulting from segre-
gating pseudogenes impact the efficacy of some medical
treatments. This complication is exemplified by the inter-
individual variation in cytochrome P450 (CYP450) genes.
These genes are involved in the metabolism of xenotoxins in
most vertebrates. Many humanCYP450 genes are segregat-
ing pseudogenes with variable frequencies of pseudogenized
alleles in different populations. These population differences
likely reflect the varied presence of different xenotoxins in
different geographical regions. However, CYP450 genes of-
ten aid in metabolism of modern drugs and the variation in
CYP450 function results in a wide range of individual
response to certain drugs (Lynch and Price, 2007). This
problem is beginning to be addressed by the fields of phar-
macogenetics and individualized medicine and exemplifies
the importance of understanding our past genes to maintain
our future survival. See also: Cytochrome P450 (CYP) Gene
Superfamily; Drug Metabolic Enzymes: Genetic Poly-
morphisms; Pharmacogenetics and Pharmacogenomics
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