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Recent duplication, domain accretion
and the dynamic mutation of the

human genome

Evan E. Eichler

An estimated 5% of the human genome consists of interspersed duplications
that have arisen over the past 35 million years of evolution. Two categories of
such recently duplicated segments can be distinguished: segmental
duplications between nonhomologous chromosomes (transchromosomal
duplications) and duplications mainly restricted to a particular chromosome
(chromosome-specific duplications). Many of these duplications exhibit an
extraordinarily high degree of sequence identity at the nucleotide level (>95%)
and span large genomic distances (1-100 kb). Preliminary analyses indicate
that these same regions are targets for rapid evolutionary turnover among the
genomes of closely related primates. The dynamic nature of these regions
because of recurrent chromosomal rearrangement, and their ability to create
fusion genes from juxtaposed cassettes suggest that duplicative transposition
was an important force in the evolution of our genome.

The importance of gene duplication as a source of
chromosomal variation, phenotypic difference and
evolutionary change has been recognized since the
1930s (Refs 1,2). The seminal work of Susumu Ohno3,
later popularized in his monograph Evolution by Gene
Duplication (1970), put forward polyploidization
(whole-genome duplication) as the single most
important mechanism by which vertebrate gene
families have evolved®. Whole-genome duplication
along with single base-pair mutation was heralded

as the catalyst of vertebrate complexity. It allowed
new genes to emerge unencumbered by the selective
constraints of their ancestral function. The evolution
of sex chromosome inheritance among mammals
restricted whole-genome duplication events® to before

Glossary

the emergence of the vertebrate lineages
(450-550 Myr ago). Since that time, only limited
innovation through regional duplication of short
stretches of genomic sequence is thought to have
occurred (Box 1). Ohno stated*: ‘Since polyploidy
evolution was possible only at the initial stages of
vertebrate evolution, it then follows that most of
nature’s experiments with gene duplication must
have been done at the stages of fish and amphibians.’
The initial sequencing and analysis of the human
genome reveals a remarkably complex pattern of both
ancient and recent duplications®-8. With the sequence
of a complete genome, it is now possible to begin to
assess, without ascertainment bias, the contributions
of various models of duplication (Box 1) to the
architecture of the genome and ultimately the
composition of the proteome. One surprising feature
of the human genome analysis is the abundance of
large blocks of genomic sequence that share a high
degree of sequence identity (>90%). These blocks
(termed segmental duplications) range in size from
afew kb to hundreds of kb. They can include both
exonic and intronic sequences and, unlike tandem
duplicates, are interspersed throughout the genome.
Clustering of segments of diverse origin seems to
occur near PERICENTROMERIC (See Glossary) and
subtelomeric regions. A similar genomic architecture
has not been observed among the sequenced
invertebrate genomes.

a-satellite: A tandem repeated 171-bp sequence motif associated with the centromeric regions of all human chromosomes.
Domain accretion: The evolution of larger, multidomain proteins by the addition of DNA segments encoding distinct structural domains.

Duplicon: A duplicated genomic segment.

Duplication module: A duplicated segment in which the extent of the genomic duplication can be delineated by comparison to a progenitor sequence.
Dynamic mutation: Any mutation in which the probability of a second mutation changes with an initial mutation event.

Hardy-Weinberg equilibrium: Frequency of alleles will remain constant within a random-mating population unless acted upon by external forces.
Molecular-clock hypothesis: The rate of nucleotide change is constant over evolutionary time and is subject only to stochastic fluctuation.
Among hominoids, the neutral rate of substitution has been estimated as 1.3 x 10 to 1.5 x 10-9 substitutions per site per year. Assuming that
most of the duplicated sequence is neutral DNA (1.5 x 10-° substitutions per site per year), paralogous sequence with 10% nucleotide
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Orthologous: Sequence similarity due to a speciation event.

Paralogous: Sequence similarity due to a duplication event.

divergence (corrected for multiple events) would have duplicated ~35 million years ago.
Neutral DNA: Sequence in which the pattern of nucleotide change is consistent with a model of no selection.

Paracentric inversion: A chromosomal inversion that does not span the centromere. (Pericentric inversions span the centromere.)

Pericentromeric DNA: DNA sequence flanking the primary constriction of chromosomes with defined centromeres. In the case of human
chromosomes, the term has been used to characterize a 1-2 Mb region transition zone between euchromatin and a-satellite heterochromatic DNA.
Sympatric speciation: The formation of two separate species from a population occupying the same geographic location (as opposed to
allopatric speciation where gene flow is interrupted by geographic separation).
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Box 1. Models of genomic duplication

Polyploidization

Duplication of the entire genome through a tetraploid (4N) evolutionary
intermediate followed by re-establishment of the disomic state (2N). Leads
to the apparent duplication of large portions of chromosomal regions. This
process requires viability of a tetraploid ancestor and therefore among
most vertebrates is restricted to antiquity. Two rounds of tetraploidization
(2R hypothesis) were proposed to have occurred ~500 Myr ago34°.

Endoduplication

Tandem duplication of local chromosomal regions through unequal
crossover events. Segments are capable of rapid homogenization through
gene conversion. Leads to the formation of clustered gene families. Within
the human genome, there is evidence for both recent (e.g. pregnancy-specific
glycoprotein) and more ancient events (e.g. immunglobulin gene family).

Duplicative transposition

The duplication and transposition of a genomic block of material (1-100 kb)
from one chromosomal region to another. Leads to an interspersed
duplication of small genomic segments scattered throughout the genome
(segmental duplications). Owing to their limited size, only recent events
can be easily identified. Two different types of segmental duplications are
distinguished: segments duplicated within a chromosome (chromosome-
specific duplications) and between nonhomologous chromosomes
(transchromosomal duplications).

The organization and recent emergence of these

duplicated segments in the human genome suggests

a third mechanism of duplication (duplicative

transposition), independent from models of tandem
duplication and polyploidization (Box 1). The object

of this article is to summarize the structural
features of this new class of duplicated segments
and to discuss their potential impact on the

evolution of our genome. This review will focus only

on relatively recent duplication events (<35 Myr
ago) for which the phylogenetic signal within
NEUTRALLY EVOLVING, honcoding DNA can still be
detected. Such events allow the extent of
duplication to be resolved unambiguously and
provide insight into duplicative forces currently
shaping the structure of our genome.

Types of recent segmental duplications
Descriptions of segmental duplication within the
human genome first appeared as a collection of
anecdotal reports®-15, The duplications were
identified either during routine physical mapping
as part of the Human Genome Project or during
characterization of breakpoints associated with

recurrent chromosomal structural rearrangements.

With the complete sequencing of the human
genome, a more global view of segmental
duplication has begun to emerge”#8. Operationally,
two types of segmental duplications can be
distinguished based largely on their distribution
pattern within the genome. Chromosome-specific
duplications are blocks of genomic sequence
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distributed in an interspersed fashion along a single
chromosome. By contrast, transchromosomal
duplications refer to segmental duplications that
have spread among nonhomologous chromosomes
(Fig. 1), with a peculiar bias towards
pericentromeric and subtelomeric regions of
humans chromosomes. As more finished human
sequence and experimental data become available,
it is apparent that overlap exists between these two
groups. The mechanistic significance of this
classification is therefore unknown, although
structurally it appears that there are some
important differences (Table 1).

Chromosome-specific duplications
Chromosome-specific duplications, also known as
REPs (for ‘repeat regions’ after prokaryotic
nomenclature) or LCR (‘low-copy repeat’ sequences)®,
were initially identified as unstable genomic regions
associated with microdeletion and microduplication
syndromes. In the past few years, a significant
number of recurrent human genomic rearrangement
breakpoints have been shown to lie within or in close
proximity to duplicated segments'’-?4. The presence
of large blocks of highly homologous sequence
bracketing unique sequence predisposes these
regions to translocation, deletion, inversion or
duplication. This is believed to occur by processes of
unequal crossover between the ParaLOGOUS SEgMENtS
during meiosis (Fig. 2)1€.

Although the details regarding each of the
chromosome-specific duplications vary, analysis of
the composition and organization of these regions
reveals several common features. In general, the
duplications localize to a single chromosomal arm,
with the paralogous segments separated by less than
10 Mb of intervening unique sequence. Many of the
duplications are located within the proximal
euchromatic regions of chromosomes. In the case of
chromosome 22 (Fig. 1), >90% of the chromosome-
specific duplications occur within the first 10 Mb of
the long arm of chromosome 22 (Refs 7,21). The
duplicated regions can be large — in excess of 400 kb in
length —and the organization of the sequences within
the blocks of chromosome-specific duplications is
complex2>. In most cases, the blocks are composed of
smaller bupLicons. These mobuLEs correspond to
fragments of genes or, in some cases, an entire
complement of exons and introns that abut other
modules of different ancestral origin (Fig. 3). Larger
domains composed of multiple modules form the
underlying structure of the chromosome-specific
duplications. The organization and the distribution
of particular modules can vary substantially among
the chromosome-specific duplications (Fig. 3). These
properties have made mapping and sequencing of
these regions particularly problematic82627,

Chromosome-specific duplications can share a
high degree of sequence identity®. A global analysis
of the human genome shows that the majority of



Fig. 1. Recent segmental duplications on chromosome 22q11. (a) An overview of recent (<35 Myr)
duplicated sequence on the long (g) arm of chromosome 22 (Ref. 8). A total of 715 sequence
alignments, which were >1 kb in length and >90% sequence identity, were identified after common
repeats (e.g. Alu elements, LINEs) were removed. Each horizontal line represents 1 Mb. Top left-hand
corner is the most centromeric sequence contig and at the bottom right is the most telomeric
sequence. Black bars denote the 11 sequence gaps. Red, transchromosomal duplications between
nonhomologous chromosomes; blue, intrachromosomal duplications. Overall 9.1% of the g arm
isinvolved in recent large (>1 kb) duplications. Transchromosomal and intrachromosomal
duplications constitute 3.9% and 6.4% of the total sequence, respectively. Of the overall duplicated
sequence, 5% involves both inter- and intra-chromosomal duplications. This small degree of overlap
suggests two distinct classes of duplication. More than 50% of interchromosomal alignments are
restricted to the most centromeric 1.5-Mb and to the most telomeric 50-kb regions, suggesting that
there is a positional bias for such events. (b) A reduced view showing the pattern of intrachromosomal
duplications (blue lines) on chromosome 22. Each black tick denotes 10 Mb of sequence; purple bar,
the short arm and centromeric region of chromosome 22, which were not sequenced as part of the
Human Genome Project.

intrachromosomally duplicated bases share between
97.5% and 99% sequence identity (Table 1). In many
cases, the degree of divergence among chromosome-
specific duplications approaches levels of allelic
variation (less than one nucleotide difference per
kb)7. In the few cases where the recombination
junctions have been characterized at the molecular
level?82% rearrangement occurred within tracts of
paralogy where perfect sequence identity extends
beyond 400 bp — leading to both microdeletion and
microduplication. Such molecular specificity for
microdeletion and microduplications within
paralogous sequence might relate to the minimal
efficient processing segment required by the
recombination machinery to initiate an unequal
crossover?s, Alternatively, the presence of hyper-
recombinogenic sequences could explain the
clustering of rearrangement breakpoints?®. The high
degree of sequence identity among the chromosome-
specific duplications suggests a recent evolutionary
origin. This has been confirmed in many cases by
comparative fluorescence in situ hybridization
(FISH) analysis39:31,
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(b) Fig. 2. Paralogous recombination and structural rearrangement.
Unequal crossover between large chromosomal duplicons during
meiosis can potentiate microduplication and microdeletion of large
stretches of genomic DNA. Such events can lead to structural
polymorphisms or disease, if the genes (A, B, C) flanked by the
¥ el s duplications are halploinsufficient, triplosensitive or imprinted.
_ Open circle, centromere; TEL, telomere.
TRENDS in Genetics

In other examples, such as the Williams—
Beuren syndrome repeat and the velocardio-
facial/DiGeorge syndrome repeat?'32, comparative
FISH data show conserved duplication architecture
that precedes the moLEcULAR cLock estimate based
on sequence divergence. For example, the low level
of sequence divergence among these duplications
(<1.0%) would predict an origin after the separation
of humans and chimpanzee lineages, in which
comparison of neutral sequences show 1.3%
divergence. An examination of primate species
by comparative FISH, however, showed the
preservation of duplication structure in several
species of great ape and Old World monkey. Because
the average divergence of neutral noncoding DNA is
far in excess of 1% for these species, the analysis
suggests that gene conversion events might be partly
responsible for maintaining the high degree of
sequence identity within the human genome.

Transchromosomal duplications

Segmental duplications distributed among
nonhomologous chromosomes define a second class
of recent duplications. The most notable property
of transchromosomal duplications is their bias to
accumulate near heterochromatic DNA —
particularly within subtelomeric!333-39 and
pericentromeric8-1214.1540-46 regions of human
chromosomes. Segmental duplications have been
identified at the junctions of a-saTeLLITE DNA,
providing a structural transition between classically
defined centromeric DNA and unigue DNAB84244,
Similarly, many interchromosomal duplicated
blocks of sequence map to within <100 kb of
telomeric repeat elements347. On the basis of the
existing assembly of the human genome, there is
approximately sevenfold more segmental
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Fig. 3. Mosaic structure of segmental duplications. (a) The structure of a subset of chromosome-
specific duplications for chromosome 16 (LCR16) (Refs 25,57). In two of the three cases shown, the
duplications are composed of smaller segments or modules. Several of these paralogous copies are
expressed, and they represent recently emerging gene families. The duplications are spread
throughout the chromosome (16922, 16p11, 16p12, 16p13.1 and 16p13.3) in different combinations
and copy numbers. The average degree of sequence identity at the genomic level is indicated for each
of the segments: double-headed arrows, the percent identity between two specific copies; single-
headed arrows, the average percent identity of this segment to all other copies. (b) The shared
structure of pericentromeric duplications over a small segment (150 kb) is shown for 22q11, 16p11 and
2p11. The large transchromosomal duplicated blocks are composed of smaller segmental duplications
that originate from gene-containing ancestral loci at 424, Xq28 and 2p12 (Refs 11,44,45). Arrows
show the average degree of genomic sequence identity among these copies. Novel juxtapositions of
exon-intron structure are generated. Duplicon IV represents a 20-kb segmental duplication for which
no ancestral locus can be determined. At least 40 copies of this interspersed duplication localize
exclusively to pericentromeric and subtelomeric regions.

duplications near centromeric and telomeric
sequence markers®. The most pronounced effect is
observed within pericentromeric regions, where
an estimated 35% of all interchromosomally
duplicated bases (>90% sequence identity and

>1 kb in length) reside. Among chromosomes
whose sequence is finished (chromosomes 21
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and 22), the pericentromeric bias is, at first sight,
more dramatic with more than 50% of all
transchromosomal duplications localized to these
regions. To date, only a subset of human
chromosomes has been implicated in
pericentromeric and subtelomeric duplications.
The working-draft nature of the human genome
sequence and the difficulties associated with
mapping and sequencing these regions, however,
might, at least partly, explain the apparent absence
of pericentromeric and subtelomeric duplications for
some chromosomes®:27:47:48,

Detailed compositional analyses of a few
pericentromeric and subtelomeric regions reveal a
complex pattern of duplication within duplications.
For the pericentromeric region of 10q11, 21q11,
2p11 and 16p11, it is apparent that zones of wall-to-
wall duplications exist within the most proximal
Mb of each of these chromosomal regions8.12:42.44.45,
The individual duplicons range in size from a few kb
to as large as 75 kb in length. These modules are
concatenated to form complex arrays virtually
devoid of unique DNA. In many cases, the ancestral
segments originate from loci near the centromere,
and they contain partial or complete gene structure.
The organization of these regions is further
complicated by duplications of larger segments
(composed often of multiple modules) among
different pericentromeric regions. These
nonhomologous duplications appear to be restricted
to particular subsets of human pericentromeric
regions. For example, the proximal portions of 2p11,
10911, 2211 and 16p11 define one constellation of
pericentromeric regions that share hundreds of
kb of recently duplicated material*®. Similar
observations have been made for other groups of
nonhomologous pericentromeres*6:49.50 as well as
some subtelomeric regions?!3:33.35.39,

Among pericentromeric regions, a two-step model
has been proposed for the formation of the complex
repeat structure'4546, |nitially, duplicative
transposition spreads the ancestral loci throughout
the genome to pericentromeric regions. Subsequent
rounds of exchange and duplication of
pericentromeric segments follow, creating larger
blocks of paralogy with several layers of duplicative
history. Phylogenetic and comparative analyses of a
few ancestral donor loci support this model. Many of
the initial duplications arose from an ancestral loci
at a time before the emergence of the human and
African ape lineages, but after the separation of the
orangutan from the hominoid lineage (5-10 Myr
ago)t01344 The secondary exchanges among
pericentromeric regions have been postulated to occur
later during the separation of man and the great apes.
Quantitative and qualitative differences in the
distribution of pericentromeric duplications among
humans and great apes support this model of
events104451.52 ndeed, a genome-wide study of the
average degree of sequence identity among all



Table 1. Properties of the different duplication classes
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Property Chromosome-specific duplications

Transchromosomal duplications

structural rearrangements2
Sequence identity® 96.5-97.5%
Progenitor sequence

Genes
gene families

Location Interspersed within euchromatic regions of
chromosomes
Disease Association with recurrent chromosomal

Ancestral copies not easily discerned

Many examples of functional genes and

aexamples of microdeletions and microduplications mediated through paralogous recombination include velocaridofacial/DiGeorge syndome,
Prader-Willi syndrome, neurofibromatosis and spinal muscular atrophy.
bRanges corresponding to modes of sequence identity observed within the October 2000 assembly.

~Sevenfold bias toward pericentromeric/
subtelomeric locations

No known association

97.5-99.9%
Ancestral copies — within euchromatic regions

Few examples of functional genes

transchromosomal duplications showed sequence
divergence of approximately 3% (the mode)8. Based
on neutral estimates of the molecular clocks3, this
would correspond to a time after the Asian and
African ape split (<12 Myr ago) (Ref. 54).

Does this suggest a burst of transchromosomal
duplications during hominoid evolution? Although
these data are intriguing, such an interpretation
could be too simplistic. Detailed sequence analysis
of several duplicated pericentromeric regions*255
provides evidence of more diverged paralogs (as low
as 90% sequence identity). This indicates that more
ancient events have occurred (>35 Myr ago). Larger
deletion events might occur at a higher frequency
within these gene-poor regions, effectively reducing
the fraction of more divergent paralogs; that is,
the probability that duplicated segment becomes
deleted increases over time unless selection
pressure emerges. Combined with single base-pair
changes, the extent of the duplication events could
become more difficult to resolve. Furthermore,
paralogous segments with the highest degree of
sequence identity (>98% sequence identity) might
be under-represented within the current assembly
of the human genome?®27 owing to mis-assembly
of these regions or the bias in selection against
duplicated clones. These two effects would create
the impression of a ‘transposition burst’and not
show a decreasing gradient of diverged genomic
sequence as a function of time. Finally, among
certain subtelomeric and pericentromeric
regions polymorphic structural variability and
transchromosomal duplication events continue to be
documented within the human population®36. This
indicates that nonhomologous duplication events
are an ongoing phenomenon in our species.

General properties of segmental duplications

A comparison of the transchromosomal and

chromosome-specific duplications suggest several

general properties:

(1) The basic building block of segmental duplication
organization is the module —a minimal
evolutionarily shared segment, many of which can
be physically identified by sequence comparison
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with a functional ancestral locus. It should be
pointed out that not all segments have gene-
related sequences allowing the ancestral copy to
be easily identified (Fig. 3).

(2) Segmental duplications are organized in a
patchwork fashion in which different modules are
concatenated to form larger complex arrays. These
larger complex arrays are, in turn, duplicated and
can be subjected to secondary rearrangement
events. This creates a mosaic architecture of
duplications within duplications.

(3) The majority of extant segmental duplications
(at least as a fraction of bp) appear to have
emerged or have undergone sequence conversion
recently during hominoid evolution (within the
past 10 Myr).

(4) The distribution pattern of segmental duplications
is not random but localizes to specific
heterochromatic and euchromatic regions of a
subset of human chromosomes.

(5) Many of the segments contain intron-exon
structure from ancestral loci that are juxtaposed
to other exon-containing segments. Most of the
duplications do not encode functional proteins
because of apparent truncation of the ancestral
gene structure. Transcription, however, has been
observed for many of these putative unprocessed
pseudogenes, including fusion transcripts between
different segments (see below). Transcript
expression and the emergence of novel gene
families appear to occur more frequently among
chromosome-specific duplications within
euchromatic regions, as opposed to
transchromosomal duplications localized to
heterochromatic regions of the genome?>57,

Implications of recent segmental duplications

In the case of the human genome, it is evident that
‘nature’s experiments with genome duplication
are not limited to polyploidization and tandem
duplication events. In silico analysis of human
genome sequence and FISH analysis of bacterial
artificial chromosomes (BACs) containing human
sequences® 28, both predict that >5% of the human
genome is composed of recent segmental
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Fig. 4. Consequences of segmental duplication. The ‘paralogous
pathway’ of gene evolution is contrasted with a genomic segment
encoding a single-copy gene whose mutational diversity is restricted
by selective constraint — the ‘orTHoLoGous pathway’. A duplicated
genomic segment encoding a gene can lead to increased dosage of a
particular product or, through subsequent mutation, to increased
diversity in a family of related molecules or eventually to the evolution
of a novel function. Mutational drift of the segmental duplication most
often renders the duplicated gene nonfunctional. However, the
presence of duplicated sequences promotes further structural
rearrangements through paralogous recombination and/or to the
juxtaposition of different modules leading to the generation of fusion
transcripts. Because sequences flanking the duplicated segment can
likewise be duplicated, this can lead to cycles of dynamic structural
rearrangement at elevated frequency within these regions. These
regions of elevated evolutionary turnover contrast with single-copy
regions that are limited to a fixed-rate of mutational change under
selective constraint. Duplicated genic segments provide many more
avenues for innovation over short periods of evolutionary time.

duplications. Although it is too early to conclude
whether this phenomenon is a unique property of
higher primate genomes, studies of the architecture
of invertebrate genomes do not reveal comparable
levels of recent segmental duplication’. What are
the potential ramifications of this unexpected
complexity? The evolutionary virtues of sequence
duplication have been lauded by scientists for more
than 70 years?2. They include an increase in gene
dosage, generation of protein diversity and the
evolution of new functions (Fig. 4). There is some
evidence that the segmental duplications described
in this review might have a similar effect, leading
to the emergence of new hominoid genes®’. The
presence of widespread segmental duplications,
however, has two other important implications that
have been previously underestimated: pynamiC
MUTATION and DOMAIN ACCRETION.

Dynamic structural evolution of chromosomes

The firstimportant impact is exclusively structural
in Nature. Both chromosome-specific and
transchromosomal duplications increase the
likelihood of secondary rearrangements leading to
additional inversions, deletions and duplications
(Fig. 4). In this regard, segmental duplication can be
considered a dynamic process. Dynamic mutations
were originally described during the study of
microsatellites and triplet repeats as a class of
mutations in which an initial event increased the
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probability of a secondary event®8, Similarly, the
presence of duplicated sequences increases the
probability of secondary genomic rearrangement
events®. The increased probability of secondary
events is due to the presence of large blocks of identical
or near identical sequence that can provide substrates
for subsequent nonhomologous recombination events.
This can, in turn, lead to duplication, deletion or
inversion of unique flanking sequence (Fig. 2). Unless
checked by selective constraint, this could potentiate
cycles of segmental duplication. Indeed the mosaic
architecture that we have observed for many of the
segmental duplications could be the result of multiple
rounds of recombination occurring in rapid
evolutionary succession.

The many human genomic disorders6:60
associated with segmental duplication are just one
manifestation of such structural dynamism ongoing
within the contemporary human species. Based on
the combined incidence of known microdeletion and
microduplication syndromes, an estimated one in
every 1000 human births have duplication-mediated
germline rearrangements. It might be argued that
events that reduce genetic fitness are likely to be
dead ends in terms of chromosomal evolution.
However, recently large-scale rearrangements that
have no immediate clinical consequence have been
documented®-62, Duplication-mediated structural
polymorphisms have been described ranging from
‘small’ deletions of 54 kb to inversions of >5 Mb.

In each of these examples, a recent segmental
duplication was identified at the breakpoints.

The structural rearrangements appeared in
HARDY—WEINBERG EQUILIBRIUM, at least within specific
ethnic groups®?, and the rearrangements involved
euchromatic and gene-rich regions of the genome®s1.62,
Based on our current understanding of human
genome, it is probable that many more large-scale
structural polymorphisms will be discovered in the
near future.

From an evolutionary perspective, such structural
fluidity could provide the underlying mechanism for
the construction of speciation barriers by creating
regions with an inherent proclivity to rearrange.
Rearranged chromosomes that share the identical
pattern of rearrangement could occur at an elevated
frequency in the population because of recurrent
chromosomal structural rearrangements at sites of
duplication. Individuals homozygous for such
structurally variant chromosomes could, in theory,
generate a genetic barrier for chromosomal
segregation, creating an impetus for sympATRIC
speciation. In this regard, it could be noteworthy
that a recent sequence comparison between human
chromosome 19 and the corresponding mouse
chromosomes reveal regional gene-family
duplications at ten out of 15 chromosome breakpoints
between these two species®. These data suggest an
association between duplicated regions and sites of
chromosomal rearrangement between species.



Fig. 5. Segmental duplications and fusion transcripts. Four examples
of fusion transcripts that arose as a result of segmental duplication are
shown?3585-68_(a) POM-ZP3, a 1.6-kb transcript from 7q11.23, consists of
achromosome-specific duplication of the ZP3A locus (zona pellucida
glyocprotein gene 3A) juxtaposed to two exons of the POM121
(perinuclear outer membrane) locus. The duplication from ZP3A is
believed to have occurred 3-5 Myr ago. Multiple copies of POM121
segmental duplications have been identified on chromosomes 7 and
22. The fusion transcript predicts a protein of 210 amino acids in which
the first 76 amino acids are 83% identical to the rat POM121 gene,
whereas the remaining 125 amino acids are 98% identical to the ZP3
gene®®. (b) Mosaic structure of the PMCHL1 (promelanin corticotropin
hormone-like 1) gene. The first two exons were recruited through
duplication or retrotransposition from 12924 to 5p14/5q13 before the
Old World-hominoid divergence (~25 Myr ago) (Ref. 54). Three
additional exons emerged from flanking sequence in acommon
ancestor of hominoids. A second duplication event generated two
copies of this gene (PMCHL1 and PMCHL2) at 5p14 and 5913 (Ref. 67).
(c) The transcript CECR7 (Cat-Eye Syndrome critical region transcript
number 7) appears to represent a mosaic of three different
transchromosomal duplications from chromosome 16, 12p13.3 and
13/21. Three alternative terminal splice exons have been identified. No
significant open reading frame has been detected for this transcript®®.
(d) c17orf1A (chromosome 17 open reading frame 1 A; also known as
HREP) encodes a predicted protein of 999 amino acids. Its last exon was
contributed by a segmental duplication (CMT1A-Rep), which emerged
approximately 6 Myr ago®® and represents the reverse complement of
the last exon of another gene, COX10 (Refs 66,68). This segmental
duplication resulted in the modification of the carboxy terminus of a
conserved gene (AGIP, ancestral gene before the integration of
proximal CMT1A Rep) between man and mouse®.

Similarly, sequence characterization of the first
PARACENTRIC INVERSION breakpoint between human and
chimpanzee has identified segmental duplications at
the site of the rearrangement®4,

Domain accretion

The process of segmental duplication that we have
described is essentially a mechanism of genetic
shuffling. It involves the mobilization of small tracts
(1-100 kb) of genomic material from one region of the
genome to another. These duplicated segments often
include sequences with intron—exon structure (Fig. 3).
Such duplications occur without the disruption of the
ancestral locus. Furthermore, the juxtaposition of
different segmental duplications with different exon-
containing modules creates the potential for fusion
transcripts from unrelated genes (Fig. 5). Recently,
several such chimeric transcripts involving
endogenous genes and exonic portions of segmental
duplications have been described in the human
genome®>85-67_In the case of the POM-ZP3 transcript,
this led to the fusion of two different protein
modules®®. Although the biological significance of
these fusion transcripts is unknown, at the least these
data suggest that the mosaic genomic structure
created by segmental duplications can lead to the
formation of chimeric transcripts and proteins.

A major conclusion of both the private and public
Human Genome Projects was that the human
proteome contains a richer collection of multidomain
proteins than sequenced invertebrate genomes®”’.

A twofold increase in domain accretion has been
described for the human when compared with the
proteome of fly and invertebrate. Similarly, a tenfold
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increase in the relative proportion of recent segmental
duplication was observed for the human when
compared with invertebrate genomes. Could there

be a correlation between an increased frequency of
segmental duplication events and a proclivity to
construct larger, multidomain proteins? In theory,
segmental duplications provide an evolutionary
vehicle for the mobilization of such protein domains.
The dynamic evolutionary turnover within these
regions, as demonstrated by comparative analyses of
pericentromeric and subtelomeric regions, constantly
churns out new juxtapositions of exon—intron
modules. Such graveyards of genomic redundancy
might occasionally produce a selectively advantageous
chimerathat results in a new gene innovation.
Although it is true that the vast majority of such
evolutionary experiments are probably failures at a
functional level, the sheer abundance of these events
in the past 35 Myr indicates that thousands of
duplications and juxtapositions have occurred within
the anthropoid lineage alone. Extrapolating the
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process of segmental duplication back to the
emergence of vertebrates could explain much of
multidomain diversity, even if the frequency of a
successful event is a rare occurrence.

Conclusion

The studies of human genetics and modern
molecular evolution have focused on the pattern and
nature of changes in regions of conserved structure
or function. The study of conservation is intuitive —
conserved genes and evolutionary segments
represent regions of biological importance. The
converse is not necessarily true. Despite the
evolutionary importance of conservation, regions of
genomic hypervariability could also be structurally
and functionally very important in an evolving
species. The promise of genome sequence is that it
allows an initial assessment of such regions. With
respect to understanding mechanisms of genomic

Review TRENDS in Genetics Vol.17 No.11 November 2001

duplication, most of the current model has been

built upon the study of conserved genic regions

(i.e. conservation of gene order at the level of protein
similarity). The finding of recent segmental
duplications does not detract from the original
models of duplication (polyploidization and tandem
duplication). It simply adds another dimension of
mutational change to the equation of genome
evolution. It provides a means for extreme dynamism
and genomic fluidity over very short periods of
evolutionary time. However, much remains to be
understood regarding segmental duplication,
including a final resolution of its architecture in the
human genome, the mechanism(s) by which it occurs
and its occurrence among other vertebrate genomes.
A much greater challenge, however, will be the
design of methods and techniques to assess the
function of these duplications and their products in
the absence of a model organism.
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