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Abstract

Genome mapping efforts and the initial sequencing of large segments of human DNA permit ongoing assessment of the patterns
and extent of sequence duplication and divergence in the human genome. Initial sequence data indicate that the most highly
repetitive sequences show isochore-related enrichment and clustering produced by successive insertional recombination and local
duplication of particular repetitive elements. Regional duplication is also observed for a number of otherwise unique genomic
sequences and thereby makes these segments become repetitive. The consequences of these duplication events are: (1) clustering
of related genes, along with a variety of coregulatory mechanisms; and (2) recombinations between the nearby homologous
sequences, which can delete genes in individuals and account for a significant fraction of human genetic disease. © 1997 Elsevier

Science B.V.
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1. Introduction

The DNA of complex genomes such as man is a
mosaic of different classes of interspersed repetitive
elements. These repeated sequences range in frequency
from the high copy number retroposon families Alu and
L1 to rarely repeated or single copy elements. In one of
his most influential formulations related to the origin of
repeated sequences in the genome, Susumu Ohno encap-
sulated the critical importance of duplication and diver-
gence as a driving force in evolution:

‘...while allelic changes at already existing gene loci
suffice for...adaptive radiation from an immediate ances-
tor...only by the accumulation of forbidden mutations
at the active sites can the gene locus change its basic
character and become a new gene locus. An escape from
the ruthless pressure of natural selection is provided by
the mechanism of gene duplication. By duplication, a
redundant copy of a locus is created. Natural selection
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often ignores such a redundant copy, and, while being
ignored, it accumulates formerly forbidden mutations
and is reborn as a new gene locus with a hitherto non-
existent function. Thus, gene duplication emerges as the
major force of evolution.’

At the time of that statement (p. 59 in Ohno, 1970)
one could begin to interpret evolutionary changes
reflected in known proteins and RNAs. However, the
subsequent discovery of the range of repetitive elements
combined with the development of long-range mapping
and sequencing is providing unprecedented material to
examine the extent, variety, and consequences of dupli-
cation and divergence. The purpose of this discussion is
to review some of the initial human genomic sequence
data, particularly on the X chromosome, for patterns
of occurrence of highly repetitive and ‘unique’ repetitive
elements. Since only a small fraction of the genome has
been sequenced thus far and that which is available was
not chosen randomly, the possibility remains that we
currently have a skewed view of the genome.
Futhermore, the duplication and persistence of copies
of high frequency repeats and those of genes and geno-
mic segments are likely to be very different, both in
terms of evolutionary mechanisms and functional signi-
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ficance. Nevertheless, given these caveats, there are
already striking examples of extensive duplications of
all types of sequence elements. We will discuss some
features of their distribution with particular attention
to those involved in human disease etiology.

2. Clusters of repetitive elements

Most obvious among the repertoire of ‘duplicated
elements’ are the highly repetitive elements that are a
major focus of study. Since these elements are considered
to have arisen by waves of retroposition, the role of
duplication and divergence is naturally linked to the
spread of the elements through the genome. In general,
one expects that clustering of ubiquitous elements
reflects a locally favorable environment for transposition
events. Some features of the clustering of such sequences
during evolution are not, however, apparent a priori.
They include the following three features.

2.1. Enrichment in cytogenetic bands

Alu and L1 probes show different and characteristic
banding patterns in in situ hybridization studies ( Filatov
et al., 1987; Korenberg and Rykowski, 1988; Gardiner
et al., 1990); but a study of the distribution of Alu and
L1 elements across Xq24-qter (Porta et al, 1993)
demonstrated that there is no correlation of the Alu/L1
distributions with R vs G cytogenetic band patterns.
The relation of cytogenetic and Alu/L1 banding patterns
has been clarified based on the complex substructure of
GC isochores in cytogenetic regions (Saccone et al.,
1996). When this is taken into account, there is a notable
enrichment of Alu sequences at high GC and L1 at
low GC.

The high Alu content in a region with a very high
GC level has been pointed out, for example, by Chen
et al. (1996); and the correlations and trends have been
suggested experimentally (Soriano et al., 1983; Zerial
et al., 1986) and more extensively specified in a survey
by Smit (1996). Fig. 1 extends the analysis of the content
of Alu- and Ll-specific sequences to more than 4 Mb
of completely analyzed long sequence tracts. The per-
cent of total sequence comprising Alu, L1 and all
repetitive elements in a series of sequenced regions (see
legend to Fig. 1) is summed according to ambient GC
level (in ‘isochores’), following the general classes of
Bernardi (1995). The results demonstrate a general
trend; but the trend is more conspicuous for L1 than it
is for Alu elements, and there are marked exceptions
that negate any attempt to infer a simple regression line.

In particular, the Alu elements of all subclasses, which
are themselves rich in GC, show a trend to enrichment
at higher GC, though the trend is modest over most of
the range of GC in the sequences analyzed (Fig. 1, top).

-
"
[
a
-
»n
s L H1 H2 H3
<42 >42-47 >47-52 >52
% 6C
L1
25
28
a
e 15
[y
LT
n
S
a
L H1 H2 H3
<42 >42-47 >47-52 >52
% 6C
ALL
Repetitive Eloments
-
[.]
]
=
H
R

L H, H2 H3
<42 >42-47 47-52 52

% 6C

Fig. 1. Content of Alu, L1 and All Repetitive Elements as a percentage
of sequence in more than 4 Mb of long-range sequence. Only finished
human genomic sequence greater than 50 kb in length was examined.
Segments were classified into ‘isochore groups’ by ambient GC level,
and the content of Alu, L1 or other repetitive elements by the
CENSOR 1.5 program (Jurka et al., 1996). The GenBank accession
numbers of the sequences used are 144140, U52111, U52112, M63796,
M89651, M63544, U62317, J03071, U47924, U66082, L78810, U53331,
U72790, U73024, U72787, U73023, U71148, L35265, U66083,
M26434, U01317, U69730, U70984, 140455, U35072, L29074, Z73967,
Z73358, AF003528, AF003529, AF003530, AC002094, U82671,
AC002115, AF001548, 783836, AC000378, Z94055, AFO001550,
AF001549 and U91321.

In contrast, L1 elements, which are themselves low in
GC content, show a much more marked enrichment,
especially at lower GC levels (Fig. I, middle). The
enrichment is even greater for larger L1 elements of up
to 6 kb, which tend to be seen only in regions of lower
GC; at higher ambient GC the observed L1 segments
are sharply truncated, often consisting of only a few
hundred basepairs of sequence homologous to the
canonical consensus.

A few exceptions to the rule have thus far been seen.
The region of the HPRT (hypoxanthine phosphoribo-
syltransferase) gene and the region containing the
BCRAI1 (breast cancer susceptibility) gene fall in the L
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(low GC) and H1 isochore fractions, respectively, but
both have a very high Alu content. In a third instance,
the T cell receptor locus (Hood et al., 1995) is very low,
both in Alu and LI content. And finally the BTK
{Bruton’s tyrosine kinase) gene locus, which is in the
H1 fraction, contains approx. 30% L1 sequence. Since
the number of extensive regions that have been
sequenced is still not large, it is likely that such excep-
tions are not rare, and that trends are general but with
no inviolable rules.

These observations are relevant to discussions of the
origin and mechanism by which repetitive elements have
a tendency to congregate in isochores of comparable
GC. The enrichment of GC in gene-dense isochores is
relatively recent in evolution (Bernardi, 1995), and one
can speculate on the following three factors in the
dynamics of spread of repetitive elements: (1) early on,
Alu and L1 sequences would spread almost at random
throughout a genome that showed little bias in ambient
GC; (2) as GC enrichment of some isochores began to
take place, the Alu elements, with their high GC content,
would tend to find more partially homologous sequences
in higher GC regions, whereas the lower GC L1 elements
would correspondingly find a greater number of partially
homologous integration sites in low GC isochores.
However, in addition, (3) to explain the small, frag-
mented nature of the L1 elements that are observed in
modern high GC regions, it seems very likely that L1
elements tended to be truncated and forced out of those
regions, leaving only vestigial bits of LINE elements at
scattered sites. Clearly, there are alternative explanations
to the clustering of repetitive elements such as enrich-
ment by the mechanism of illegitimate recombination,
similar to that of retroviruses and processed pseudogenes
or by the duplication of larger segments of DNA con-
taining L1 into immediately adjacent or nearby regions.

Although the classes of repetitive elements tend to
distribute sharply along a gradient of GC, the total
fraction of repetitive elements varies much less between
isochore families (Fig. 1, bottom). It is also apparent
that the lower GC regions of the genome contain not
only fewer genes but a higher percentage of repetitive
sequence. The percentage of genes and repetitive
sequence per Mb may not be independent events, since
the higher gene density would, in principle, leave less
room for the repetitive sequences.

Such tentative notions may change as more complete
DNA sequences are analyzed. However, they provide a
guide to examine additional human sequences and ana-
lyze other primate species to see if intermediate states
in repetitive element distribution can be detected.

2.2. Further pileup of repetitive elements at an initial site

In support of the notion that highly repetitive elements
tend to spread into locations where there are partially

homologous sequence tracts, initial long-range sequen-
cing detects a number of cases in which successive events
have introduced a cohort of repetitive elements at a
single site. Fig.2 shows three instances from recent
analyses (Zollo et al., 1995; Chen et al., 1996). Fig. 2A
illustrates the insertion of an Alu monomer of the Y
class in the middle of an Alu—Sx element. The inserted
Alu is of a ‘more recently evolved’ class, consistent with
the stepwise accretion of the repetitive sequences at the
site (Kapitonov and Jurka, 1996). Fig. 2B diagrams the
insertion into an L1 subclass MB3 fragment of two
Alus, one older (Jb) and the other younger (Sx), presum-
ably occurring in successive steps. In such cases one can
imagine that clustering is based, at least in part, on
pairing of incoming with resident elements; but the
pattern of accumulation can be highly complex and can
involve sequences with little, if any, homology. Thus, in
Fig. 2C, a single MER2 sequence has been split into
three parts, with the introduction of six ‘Alu’s, two of
which are themselves interrupted by other repetitive
elements. Speculatively, such cases may be ones in which
a locus in the genome is particularly prone or exposed
to the introduction of repetitive elements, and may
become increasingly prone to further such events as
elements accumulate at the site. Evaluation of such a
possibility may be possible as more genomic sequence
is analyzed.

2.3. Nearby duplications of a repetitive element

An interesting result has been seen in one of the
first bacterial artificial chromosomes (BACs) to be
sequenced. In this case, four long L1 elements, which
have a pairwise identity >92%, are scattered in a region
of less than 75 kb (Huber et al., 1997). The similarity
of all these elements (and of four additional but more
fragmentary L1 elements in the same BAC) suggest that
they may have arisen from a single common element in
the region. Similar results have been seen in YAC
recombinants, in which full-length L1 elements showed
a tendency to cluster in certain regions of the genome
(Arveiler and Porteus, 1992). This type of incremental
increase in nearby copies may be by a rather different
mechanism from the wider spread seen for the ‘retropo-
son-mediated’ distribution of elements; in those cases,
the nearby elements—even when they are in tandem—
are likely to represent considerably divergent subclasses
that develop at different stages in evolution. Conceivably
such duplications could rather occur by a mechanism
more similar to that involved in the nearby duplication
of a ‘unique’ genomic sequence (see cases below).

3. Clusters of genes

In coding gene sequences, one can also recognize, at
least at a superficial level, similar phenomena of cluster-
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Fig. 2. Three types of successive insertions of repetitive elements detected by long-range sequencing (Genbank accession number L.44140). (A) An
Alu-Y monomer inserted into an Alu-Sx element. (B) Two Alu elements inserted into an L1 fragment. (C) A complex locus containing MER2
fragments and Alus. The MER2, Alu-Jo and Alu-Jb elements have been interrupted.

ing as well as a number of instances of duplications of
relatively long stretches of sequence. Bernardi and his
colleagues have amply established the fundamental
observations of general gene clustering as a function of
ambient GC level in 1sochores (Bernardi, 1995). Their
pioneering work has shown not only that genes cluster,
but that many genes will be nearby because of the course
of genomic evolution, without any necessary functional
consequence. Here we want rather to emphasize exam-
ples of local clustering of duplications of relatively long
stretches of sequence.

Among the typical analyses of clusters of genes that
may not be related was the early report of a group of
four genes by Huxley and Fried (1990) and a tight
cluster of five genes in 40 kb on chromosome 16, includ-
ing a putative Na/K-cotransporter (D16S528E), a puta-
tive proteasome subunit (MECL1), a chymotrypsin-like
protease (CTRL), a protein serine kinase (PSKH1), and
the lecithin:cholesterol acyl transferase (LCAT) (though
one might note the presence of three protease-related
genes in tandem in that case!; Larsen et al., 1993). The
type of cluster based on local duplication of a single
gene was earlier exemplified by the study of the globin
locus and its control region (Koop et al., 1989), and by
the sequence analysis of five tandem copies of the human
growth hormone gene, revealing patterns of coregulation
and a probable evolutionary pathway for the develop-
ment of the locus from a simpler structure (Chen
et al., 1989).

As mapping of the human genome has proceeded,
many instances have been noted in which duplication
and clustering are related directly to features of expres-
sion of chromosomal regions. We tend to take for
granted even notable examples like the MHC cluster
(Trowsdale, 1993), the immunoglobin loci (Taussig,
1988; Hunkapillar and Hood, 1989; Frippiat et al.,

1995), the interferon-a-related loci (Henco et al., 1985),
and most remarkably, the HOX loci, at which the order
of genes can correspond both to their relative time of
expression and to their position along the body axis
(Acampora et al., 1989; Simeone et al., 1990).

The number of known special mechanisms related to
local clustering increases progressively. They include hot
and cold spots for recombination (Nagaraja et al.,
1997); delimited regions on the X where genes escape
inactivation (Miller et al., 1995); regions of autosomes
that undergo imprinting (Cattanach and Beechey, 1990;
Ledbetter and Engel, 1995); and the large segment of
Xq13-q21 in which X:autosomal translocations are asso-
ciated with premature ovarian failure (Powell et al.,
1994). Regions in which large numbers of comparable
genes, like the growth factor locus on chromosome 5,
or coregulated genes like the kidney-specific genes
around the Wilms’ (Bonetta et al., 1990) or PKDI
(Harris et al., 1995) loci, or the group of four genes
expressed in the developing limb in the candidate region
for split hand/split foot malformation in 7q21.3
(Crackower et al., 1996; Poorkaj et al., 1996), are
accumulating and the number of less dramatic instances
already exceed easy tabulation.

Duplications need not remain at the same chromo-
somal location and can vary considerably in evolution-
ary age. For example, phosphoglycerate kinase
sequences are encoded at two loci. PGKI, on the X,
contains 10 introns and is expressed in all somatic cells.
Two copies are thought to have arisen by RNA-mediated
gene duplication. One, PGKPI, is a pseudogene with no
introns and a divergent surrounding sequence, localized
a cytogenetic band away. The other, PGK2, is an active
autosomal gene. It contains no introns or upstream
sequence similarity, and is expressed only in sperm cells,
but is 80% identical to PGKI after what is estimated as
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a duplication about 100-200 million years ago (Boer

et al., 1987). Even more extreme is the case of arylsulfa-

tase, which has two isoforms, both X-encoded, but with

a time of divergence so ancient that hybridization shows

only low homology (Chang et al., 1990).

A recently analyzed X chromosome case exemplifies
a sequence that has been duplicated and starts to show
functionally significant divergence into a minifamily.
The two forms of monoamine oxidase, MAOA and
MAORB, in Xp11.23 (Grimsby et al., 1991) have retained
identical exon/intron boundaries, and are 70% identical
at the amino acid level (with a larger RNA species and
nine more amino acids in exon 1 and two more in exon
15 in MAOA); but platelets and lymphocytes express
MAOB preferentially and placenta expresses MAOA.

Can one estimate the functionality, frequency, or
extent of duplicated or clustered gene sequences?
Functionality of such duplications remains difficult to
assess and contingent on particulars of evolutionary
events. Others have commented in detail on the analysis
of large (megabase-scale) gene clusters, including the
IgH, Igk, and Ig/ loci. It is relevant to this discussion
that duplicated genes of the Ig clusters that have
migrated outside the cluster can no longer undergo
VDJ rearrangment and hence become pseudogenes; and
that within the MHC locus, a considerable number of
pseudogenes have been detected among the true genes
(Rothenfluh et al.,, 1995). Furthermore, the human
genome contains three additional regions paralogous to
the MHC. It is believed that this chromosomal duplica-
tion played a key role in the emergence of the adaptive
immune system (Kasahara et al., 1997). In those cases,
functional restraints are notable and the duplicated
regions are especially large.

In contrast to the difficulties of assessing function,
large scale sequencing should, in principle, provide an
earlier estimate of the frequency and extent of duplicated
gene sequences. One of the first regions of the human
genome to be carefully mapped and analyzed across
megabase segments by sequencing is Xq28. That region
(shown in Fig. 3) has already produced seven striking
examples of tandem or nearby duplications.

(1) The longest-known duplication in Xq28 is that at
the color vision locus. There a tandem set of up to
four red and seven green pigment genes are responsi-
ble for color discrimination (Nathans et al., 1992;
Neitz and Neitz, 1995). The constitution varies in
color-blind individuals (see below).

(2) Three copies of the intron 22 of the Factor VIII
gene. First noted as an intron encoding two different
transcripts (Levinson et al., 1990, 1992), part of
intron 22 is now known to occur in at least three
mapped locations in Xq28 (Naylor et al,, 1995).
Direct sequencing has demonstrated that the repeat
units are 9.5kb and are 99.9% identical to one
another.

(3) Near the boundary of Xq28, approx. 3 kb of the
iduronate sulfatase gene (IDS) is duplicated 20 kb
distal to the active gene. Another novel gene adja-
cent to the IDS pseudogene is also duplicated
approx. another 300 kb distal (Timms et al., 1995;
Bondeson et al., 1995a).

(4) Twelve members of the MAGE-1 gene family are
found just telomeric to the IDS locus and five
additional members are located in Xp21.3, 50 kb
distal to the DAX-1 gene (Muscatelli et al., 1995).

(5) In the high GC subtelomeric isochore of Xq28 lies
an 11.3 kb sequence that is repeated with 99.2%
identity at a distance of 38 kb (Chen et al., 1996).

(6) The same region (Chen et al., 1996) contains a gene,
PLEXIN, which was identified and preliminarily
analyzed by its homology to a gene first charac-
terized in Xenopus (Ohta et al., 1995). Now it has
been found that a partial duplicate (PLEXR) occurs
more centromeric in the same gene-rich isochore
(Genbank entry HSUS52111, nt 79726-92379).

(7) A much more extensive duplication, paralogous to
a region in Xq28 containing the creatine phosphate
transporter gene and CDM, has been detected on
chromosome 16pll.1. The corresponding 26.5 kb
regions have been recovered and were found to be
94.6% identical at the sequence level, suggesting
that the interchromosomal duplication occurred
only 7-10 million years ago (FEichler et al., 1996).
The presence of repetitive immunoglobulin-like
CAGGG pentamers at or near the boundaries of
the paralogy region suggest their involvement in
this pericentromeric-directed mechanism of genome
evolution. In addition, a less characterized adjacent
duplication of approx. 30 kb, containing the adreno-
leukodystrophy locus, is detected at 2pl11.1.

4. Human disease costs of duplications

Duplications, whether of highly repetitive elements or
of the genomic segments noted in Xq28, have a potential
genetic cost. Recombination between the repeats can
cause a disease state, since it can result in the disruption
or deletion of a gene. Since these recombination events
produce genetic disease, the rate at which such events
occur in human populations and the nature of individual
lesions can thereby be assessed.

The role of Alu or L1 elements as sites of insertion,
translocation, or deletion has been detected in a number
of instances and has often been reviewed. For example,
inter-Alu recombination has been implicated in hyp-
ercholesterolemia (Lehrman et al., 1986); hereditary C3
deficiency (Botto et al.,, 1992); and mucopolysacchar-
idosis type IVA (Hori et al., 1995).

Recent studies have extended such a source of patho-
physiology to other, low-frequency repeated elements.






