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MICROSATELLITE

A class of repetitive DNA that is
made up of repeats that are 2-8
nucleotides in length. They can
be highly polymorphic and are
frequently used as molecular
markers in population genetics
studies.
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ALU REPEATS AND HUMAN
GENOMIC DIVERSITY
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During the past 65 million years, Alu elements have propagated to more than one million
copies in primate genomes, which has resulted in the generation of a series of Alu subfamilies
of different ages. Alu elements affect the genome in several ways, causing insertion mutations,
recombination between elements, gene conversion and alterations in gene expression.
Alu-insertion polymorphisms are a boon for the study of human population genetics and
primate comparative genomics because they are neutral genetic markers of identical descent

with known ancestral states.

The role of mobile elements in the shaping of eukary-
otic genomes is becoming more and more recognized.
Mobile elements make up over 45% of the human
genome. These elements continue to amplify and, as a
result of negative effects of their transposition, they
contribute to a notable number of human diseases. All
eukaryotic genomes contain mobile elements,
although the proportion and activity of the classes of
elements varies widely between genomes. Mobile ele-
ments are important in insertional mutagenesis and
unequal homologous recombination events. They use
extensive cellular resources in their replication, expres-
sion and amplification. There is considerable debate as
to whether they are primarily an intracellular plague
that attacks the host genome and exploits cellular
resources, or whether they are tolerated because of
their occasional positive influences in genome evolu-
tion. The recent completion of the draft sequence of
the human genome provides an unprecedented
opportunity to assess the biological properties of Alu
repeats and the influence that they have had on the
architechture of the human genome. Here, we present
an overview of the biology and the impact of Alu
repeats — the largest family of mobile elements in the
human genome.

Discovery and origin of Alu elements
The term ‘repetitive element’ describes various DNA
sequences that are present in multiple copies in the

genomes in which they reside. Repetitive elements
can be subdivided into those that are tandemly
arrayed (for example, MICROSATELLITES, MINISATELLITES
and telomeres) or interspersed (for example, mobile
elements and processed pseupoGenes). Interspersed
elements can be subdivided on the basis of size, with
short interspersed elements (SINEs) being less than
500 bp long'~*. Alu SINEs were identified originally
almost 30 years ago as a component in human DNA
RENATURATION CURVES™®. The name ‘Alu elements’ was
given to these repeated sequences as members of this
family of repeats contain a recognition site for the
restriction enzyme Alul (REE 5). Subsequent detailed
analyses of this portion of the renaturation curves led
to sequence analysis of individual Alu elements. They
were initially cloned using linkers with BamHI restric-
tion endonuclease sites that resulted in the generation
of Bam-linked ubiquitous repeat (BLUR) clones”®.
Full-length Alu elements are ~300 bp long and are
commonly found in introns, 3" untranslated regions
of genes and intergenic genomic regions (BOX 1).
Initial estimates indicated that these mobile elements
were present in the human genome at an extremely
high copy number (~500,000 copies)’. Recently, a
detailed analysis of the draft sequence of the human
genome has shown that, out of more than one mil-
lion copies, Alu elements are the most abundant
SINEs, which makes them the most abundant of all
mobile elements in the human genome®. Because of
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their high copy number, the Alu gene family com-
prises more than 10% of the mass of the human
genome’ and as Alu sequences accumulate preferen-
tially in gene-rich regions, they are not uniformly dis-
tributed in the human genome’'.

Box 1| A typical human Alu element and its retroposition

The structure of each Alu element is bi-partite, with the 3" half containing an additional
31-bp insertion (not shown) relative to the 5’ half. The total length of each Alu sequence
is ~300 bp, depending on the length of the 3’ oligo(dA)-rich tail. The elements also
contain a central A-rich region and are flanked by short intact direct repeats that are
derived from the site of insertion (black arrows). The 5" half of each sequence contains an
RNA-polymerase-III promoter (A and B boxes). The 3’ terminus of the Alu element
almost always consists of a run of As that is only occasionally interspersed with other
bases (a).

Alu elements increase in number by retrotransposition — a process that involves
reverse transcription of an Alu-derived RNA polymerase III transcript. As the Alu
element does not code for an RNA-polymerase-1II termination signal, its transcript will
therefore extend into the flanking unique sequence (b). The typical RNA-polymerase-III
terminator signal is a run of four or more Ts on the sense strand, which results in three Us
at the 3’ terminus of most transcripts. It has been proposed that the run of As at the 3" end
of the Alu might anneal directly at the site of integration in the genome for target-primed
reverse transcription (mauve arrow indicates reverse transcription) (c). It seems likely
that the first nick at the site of insertion is often made by the L1 endonuclease at the
TTAAAA consensus site. The mechanism for making the second-site nick on the other
strand and integrating the other end of the Alu element remains unclear. A new set of
direct repeats (red arrows) is created during the insertion of the new Alu element (d).
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The origin and amplification of Alu elements are
evolutionarily recent events that coincided with the
radiation of primates in the past 65 million years'>.
Detailed sequence analysis of the structure of Alu ele-
ment RNAs has indicated that Alu elements were ances-
trally derived from the 7SL RNA gene, which forms part
of the ribosome complex'’. Therefore, the origins of
more than 1.1 million Alu elements that are dispersed
throughout the human genome can be traced to an ini-
tial gene duplication early in primate evolution, and to
the subsequent and continuing amplification of these
elements. This type of duplication, followed by the
expansion of a SINE family, has occurred sporadically
throughout evolutionary history in mammalian and
non-mammalian genomes (for reviews, see REFS 1,14).
The origins of a variety of SINEs can be traced to the
genes of various small, highly structured RNAs, such as
transfer RNA genes, the transcription of which depends
on RNA polymerase III (REFS 1,15-18). The expansion of
SINE: of different origins has occurred simultaneously
in several diverse genomes, and although the reasons for
this simultaneous expansion are unknown, there have
been many interesting discussions about the factors that
might have contributed to it'.

Alu-element mobilization

The amplification of Alu elements is thought to occur
by the reverse transcription of an Alu-derived RNA
polymerase III transcript in a process called retrotrans-
position”. A schematic diagram of the generally
accepted mechanism for Alu-element mobilization is
shown in BOX 1. The Alu-derived transcript is thought
to use a nick at its genomic integration site to allow tar-
get-primed reverse transcription (TPRT) to occur®*
However, there is limited direct evidence for the TPRT
mechanism, and it is possible that other mechanisms,
such as self-priming of reverse transcription by the Alu
RNA?, might also contribute to the amplification
process. Because Alu elements have no open reading
frames, they are thought to ‘borrow’ the factors that are
required for their amplification from long interspersed
elements (LINEs)?*. These elements have been shown
to encode a functional reverse transcriptase?»* that also
has an endonuclease domain?®?*, which makes them
putative providers of the exogenous enzymatic func-
tions that are thought to be crucial for Alu-element
amplification. Furthermore, the poly(A) tails of LINEs
and Alu elements are thought to be the common struc-
tural features that are involved in the competition of
these mobile elements for the same enzymatic machin-
ery for mobilization®. In support of this connection
between LINE and Alu mobilization, it is interesting to
note that the number of LINEs that is present in
mammalian genomes has increased during the past 150
million years of evolution?®* — a period that also
encompasses Alu-amplification activity. Therefore,
LINEs seem to have supplied the crucial reverse tran-
scriptase activity that resulted in the subsequent gener-
ation of various SINE families in different mammalian
genomes that have amplified to extremely high copy
numbers in a relatively short evolutionary time frame.
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Sx GGCCGGGCGCGGTGGCTCACGCCTGTAATCCCAGCACTTTGGGAGGCCGAGGCGGGCGGATCACCTGAGGT

GCAGTCCG

Figure 1 | Alignment of Alu-subfamily consensus sequences. The consensus sequence for
the Alu Sx subfamily is shown at the top, with the sequences of progressively younger Alu
subfamilies underneath. The dots represent the same nucleotides as the consensus sequence.
Deletions are shown as dashes, and mutations are shown in coloured boxes; all are colour-coded
according to the family in which the ancestral mutation arose. Each of the newer subfamilies, such
as Yab or Yb8, has all the mutations of the ancestral Alu elements, as well as five or eight extra
mutations, respectively, that are diagnostic for the particular Alu subfamily. This figure primarily
illustrates the newer subfamilies and does not attempt to show many of the older Alu subfamilies.

Alu source genes and subfamily structure

Only a few human Alu elements, the so-called ‘master’
or source genes, seem to be retrotransposition compe-
tent®. Individual Alu copies contain an internal RNA-
polymerase-III promoter, but this promoter is not
sufficient for active transcription in vivo, as appropri-
ate flanking sequences are required for its activation®.
So, most new Alu copies in the human genome are, by
definition, non-functional fossil relics with respect to
retrotransposition unless they fortuitously land in a
region of the genome that confers activity to the incom-
plete RNA-polymerase-IIT promoter. Transposition of
elements that are fortuitously activated might be short
lived, because individual Alu elements carry 24 or more
CpG dinucleotides® that are prone to mutation as a
result of the deamination of 5-methylcytosine
residues®***. Mutations in the CpG dinucleotides of a
newly integrated Alu element could therefore minimize
or eliminate the retrotransposition capability of a newly
integrated Alu repeat. In addition, the homopolymeric-
A-rich tails of individual Alu repeats are thought to be
important in the amplification process?” and might
rapidly mutate into simple sequence repeats after the
integration of a new Alu element®**'. The decay of
A-rich Alu tails provides a second potential mechanism
for the retrotranspositional quiescence of individual Alu
repeats. Therefore, individual Alu repeats seem to have
very little chance of acting as long-lived amplification
drivers for the expansion of Alu-element copy
number®. Although the essential features that define an

MINISATELLITE

A class of repetitive sequences,
7-100 nucleotides each, that
span 500-20,000 bp, and are
especially located throughout
the genome, towards
chromosome ends.

PSEUDOGENE

A DNA sequence that was
derived originally from a
functional protein-coding gene
that has lost its function owing
to the presence of one or more
inactivating mutations.

RENATURATION CURVE

A plot of DNA annealing as a
function of DNA concentration
and time. The amount of DNA
(as a percentage) that has
renatured (reassociated/
reannealed) plotted against ‘C;t}
where ‘C refers to the initial
DNA concentration and ‘t” is the
time of renaturation.

PAIRWISE DIVERGENCE

The number of nucleotide
differences between two aligned
DNA sequences.

Alu element as a retrotransposition-competent source
gene are not fully understood, several factors have been
suggested to influence the amplification process. These
include transcriptional capacity of individual elements,
ability of the specific transcript to associate with the
retrotransposition mechanism, and possibly the length
and homogeneity of the A-tail to allow effective
Priming3‘23’3()’42’43.

Mutations that accumulate in the source genes are
subsequently inherited by their copies. Therefore, the
human Alu family is composed of several distinct sub-
families of different genetic ages that are characterized
by a hierarchical series of mutations. Several laborato-
ries have identified a number of human Alu elements
that share common diagnostic sequence features and
comprise subfamilies or clades that have expanded in
different evolutionary time frames, as reviewed in REE 1.
FIGURE 1 compares the consensus sequences of several
Alu subfamilies. Older Alu subfamilies are characterized
by the smallest number of diagnostic subfamily-specific
mutations. These older elements have also accumulated
the largest number of random mutations (up to 20%
PAIRWISE DIVERGENCE), which confirms their ancient
origin®. By contrast, the younger families of Alu ele-
ments are characterized by an increasing number of
subfamily-specific mutations, together with a smaller
number of random mutations (as little as 0.1% pairwise
divergence) that accumulate after the individual Alu ele-
ments integrate into the genome™*~,

Alu amplification rate

The rate of amplification of human Alu elements has
not been uniform*. FIGURE 2 illustrates the pattern of
expansion of the Alu family in primate genomes in rela-
tion to the approximate subfamily size. Most of the Alu
repeats duplicated more than 40 million years ago. Early
in primate evolution, there was approximately one new
Alu insertion in every primate birth. By contrast, the
current rate of Alu amplification is estimated to be of
the order of one Alu insertion in every 200 births*. So,
the rate of Alu amplification has decreased by at least
two orders of magnitude throughout the expansion of
the family. Although the underlying reasons behind the
decrease in the amplification rate are unknown, changes
in the retrotransposition potential of mobilization-
competent Alu elements that result from altered tran-
scription or reverse transcription might be to blame®. It
might also be a consequence of a decreased availability
of empty insertion sites for the integration of new Alu
copies — most of these sites are already occupied by
older Alu elements. Furthermore, one might speculate
that the human genome has evolved towards restricting
the amplification of these elements, similar to the way
that genomes of model organisms, such as Drosophila
melanogaster, restrict amplification of other types of
mobile elements®.

Recently integrated human Alu repeats

Alu elements that are unique to the human genome
were initially identified on the basis that they share a
higher number of diagnostic point mutations, and that
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Figure 2 | The expansion of Alu elements in primates. The expansion of Alu subfamilies (Yc1,
Yaba2, Yb9, Yb8, Y, Sg1, Sx and J) is superimposed on a tree of primate evolution. The expansion
of the various Alu subfamilies is colour coded to denote the times of peak amplification. The
approximate copy numbers of each Alu subfamily are also noted. Mya, million years ago.

ORTHOLOGOUS GENES

Loci in two species that are
derived from a common
ancestral locus by a speciation
event. This is different from
paralogous members of a gene
family that are derived from
duplication events.

GENETIC DRIFT

Random changes in allele
frequency that result from the
sampling of gametes from
generation to generation.

they were polymorphic with respect to their presence or
absence in diverse human genomes®*"-*2, Almost all of
the recently integrated human Alu elements belong to
one of several small and closely related ‘young’ Alu sub-
families, known as Y, Yc1,Yc2,Ya5, Ya5a2,Ya8, Yb8 and
YDbO (REFS 35,44-46,52-55). With the exception of the Alu
Y-family elements, and of a small number of elements
from the other ‘young’ subfamilies****-, individual
members of these young Alu subfamilies that are pre-
sent in the human genome are not found at orrHoLOGOUS
positions in the genomes of other great apes. These
largely human-specific Alu subfamilies represent only
~0.5% of all the Alu repeats in the human genome and
have amplified in the human genome in an overlapping
time frame, as shown in FIG. 3.

Although some newly integrated Alu elements result
in detrimental mutation events in the human genome
(see below), the vast majority of recently integrated Alu
elements have had no apparent negative impact on the
genome and represent new, essentially neutral, mutation
events. After a new, neutral Alu insertion integrates into
the genome, it is subjected to Generic priFT. So, the proba-
bility that it will be lost from the population is initially
quite high, depending on the size of the population (the
greater the population size, the more likely it is to be
lost). But, over a short period of time, the Alu element
will increase in frequency in the population. Because the
amplification of Alu repeats is a continuing process, a
series of Alu elements must have integrated into the

human genome at different times. Therefore, the time of
origin of a new Alu insertion directly affects the spread
of this insertion through the species or the population.
Depending on when, in primate evolution, an Alu ele-
ment has integrated into a primate genome, it will be
shared by one or more species. But even the elements
that are only found in a single species might have arisen
at different times. Some members of the ‘young’ Alu sub-
families have inserted into the human genome so
recently that they are polymorphic with respect to the
presence or absence of insertion in different human
genomes®'. Those relatively few elements that are present
in the genomes of some individuals and absent from
others are referred to as Alu-insertion polymor-
phisms™***%, Individual Alu elements might be found
in a single population, a single family or, in the case of
the de novo Alu insertions, in a single individual, depend-
ing on the genetic drift that occurs after the initial inte-
gration of that element into the human genome (FIG. 4).

The ‘young’ Alu subfamilies are composed of ~5,000
Alu elements that have integrated into the human
genome in the past 4—6 million years after the diver-
gence of humans and African apes*>**5"525, but most of
them integrated before the African radiation of
humans*6313461, So, these Alu repeats are monomor-
phic for their insertion sites among diverse human
genomes. However, ~25% of the young Alu repeats
(~1,200 elements) have inserted into the human
genome so recently that they are dimorphic for the pres-
ence or absence of the insertion, which makes them a
useful source of genomic polymorphism®*—6>1>4,

Alu-insertion polymorphisms

The analysis of human Alu-insertion polymorphisms
has been used to address several questions about human
origins and demography>¢*®*~7! In several instances,
many types of genetic variation (such as mitochondrial
DNA sequences or restriction-fragment length polymor-
phisms (RFLPs)) have been examined in overlapping,
diverse human populations and have provided largely
congruent results with respect to the history of the
human population®**>”°. Alu-insertion polymorphisms
have several characteristics that make them unique
reagents for the study of human population genet-
ics’-¢1 Individuals that share Alu-insertion polymor-
phisms have inherited the Alu elements from a common
ancestor, which makes the Alu-insertion alleles identical
by descent. The identical-by-descent nature of SINE
insertions that are used in phylogenetic studies’>7 has
previously been questioned’®, and several examples of
SINE insertions that have occurred at or near the same
genomic region have recently been reported”’®.
However, variation in the presence or absence of SINE
insertions seems to be quite rare, and is a function of
both evolutionary time and retrotransposition rate. This
is particularly true with respect to Alu-insertion poly-
morphisms, as the probability of two independent Alu
insertions occurring in the same genomic region in the
human population, given the current rate of Alu retro-
transposition and the relatively short evolutionary time
frame that is involved, is essentially zero®’8. Therefore,
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HOMOPLASY

Similarity due to independent
evolutionary change; an allelic
variant (such as a nucleotide
variant or a mobile-element
insertion at a particular
location) that is present in two
or more genes, but absent in
their common ancestor.

TROPOELASTIN

The soluble precursor of elastin
(one of the most hydrophobic
proteins known). Mammalian
tropoelastin is a moderately
conserved protein.

Alu-insertion polymorphisms are essentially HomopLasY-
free characteristics that can be used to study human pop-
ulation genetics®”®. In addition, there is no evidence for
any type of process that specifically removes Alu ele-
ments from the genome; even when a rare deletion
occurs, it leaves behind a molecular signature”. By con-
trast, other types of genetic polymorphism, such as
variable numbers of tandem repeats®, RFLPs* and sin-
gle-nucleotide polymorphisms (SNPs)®-#, are merely
identical by state; that is, they have arisen as the result of
several independent parallel mutations at different times
and have not been inherited from a common ancestor.
Alleles that are identical by descent have been directly
inherited from a common ancestor. Alleles that are iden-
tical by state have the same character state, but have not
been inherited from a common ancestor. The ancestral
state of Alu-insertion polymorphisms is known to be the
absence of the Alu element at a particular genomic loca-
tion®*%, Precise knowledge of the ancestral state of a
genomic polymorphism allows us to draw trees of popu-
lation relationships without making too many assump-
ti0n559’60'63’69.

Alu elements as insertion mutations

The diversity created by a new Alu insertion can have a
rare positive impact on the genome; for example,
through the advantageous alteration of gene expression
or the occasional incorporation of the Alu element into
the protein-encoding portion of a gene®>*. More com-
monly, the insertion of a new Alu repeat results in one of
several negative effects (for a review, see REE 48). Genetic
disorders can result from different types of mutation that
arise following the insertion of an Alu repeat (FIG. 5a).

Yb8
1,852 (20%)

Yb9 Ya8 Ya5 Ya5a2
79 (23%) 60 (53%) 2,640 (25%) 35 (80%)

L

b8 Ya5 Yc2 Yci

40 (38%) 381 (25%)

Y

Figure 3 | Expansion of recently integrated human Alu
subfamilies. Several subfamilies of Alu elements have
expanded simultaneously in the human genome primarily from
three Y-subfamily lineages, termed ‘Ya’, “Yb’ and ‘Yc’ in
accordance with standard Alu nomenclature on the basis of
commonly shared mutations. The approximate copy number

of each subfamily is given as estimated from computational
analysis of the draft sequence of the human genome’. The
percentage of insertion polymorphisms in each family is given in
brackets. Alu subfamilies with smaller copy numbers and higher
levels of insertion polymorphism are generally thought to be
more recent in origin in the human genome. The tree is based in
the mutations that define each Alu subfamily. The time-frame for
dispersal of these Alu subfamilies is shown in FIG. 2.

An insertion of an Alu element might alter the tran-
scription of a gene by changing the methylation status
of its promoter, by disrupting its promoter or by intro-
ducing additional regulatory sequences, such as the
binding sites for steroid-hormone receptors, that are
contained in some Alu-family members®.
Alternatively, an Alu repeat might integrate directly
into the coding region of a gene and disrupt the open
reading frame, which generates a nonsense or
frameshift mutation, or disrupt the splicing of a gene.
Alu insertions account for ~0.1% of all human genetic
disorders, such as neurofibromatosis, haemophilia,
breast cancer, Apert syndrome, cholinesterase defi-
ciency and complement deficiency*.

Alu elements and recombination

Because Alu repeats are the largest multigene family
in the human genome they might also act as nucle-
ation points for homologous recombination®®.
Homologous recombination between dispersed Alu
elements might result in various genetic exchanges,
including duplications, deletions and translocations
(FIG.5b). Across longer evolutionary time frames, these
types of event are probably a mechanism for the cre-
ation of genetic diversity in the human genome, and
they have been suggested as a putative mechanism for
the diversification of the TroroELASTIN genes during
primate evolution®.

Alu-mediated recombination events might occur in
the soma or in the germ line. Some regions of the
genome, such as the low-density lipoprotein locus, seem
to be more susceptible to Alu-mediated recombination
events than others. Although a high density of Alu ele-
ments is likely to contribute to a high level of unequal
homologous recombination, it does not seem to be suffi-
cient, because several genes with very high Alu content
are not particularly prone to this type of recombination
damage — for example, thymidine kinase or 3-tubulin®.
Levels of intrachromosomal recombination have previ-
ously been shown to be directly related to the length of
uninterrupted regions of nucleotide identity, with higher
rates of recombination being associated with longer
stretches of nucleotide identity®'. Therefore, the level of
recombination between Alu elements from different sub-
families should vary as a function of pairwise sequence
divergence between elements, with older Alu elements
that have higher pairwise divergence (~15-20%) being
much less likely to recombine than younger Alu inser-
tions that have lower pairwise divergence (<1%). It is also
interesting to note that the rapid mutation of methylated
CpG dinucleotides in newly integrated Alu repeats®**
would tend to increase the pairwise divergence between
Alu elements and provide one potential mechanism for
the establishment of a barrier against subsequent Alu-
mediated homologous recombination events in the
genome. Various inherited disorders have been caused by
Alu-mediated recombination, including insulin-resistant
diabetes type II, Lesch-Nyhan syndrome, Tay—Sachs dis-
ease, complement component C3 deficiency, familial
hypercholesterolaemia and a-thalassaemia®®. Several
types of cancer, including Ewing sarcoma, breast cancer
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LOSS OF HETEROZYGOSITY
(LOH). A loss of one of the
alleles at a given locus as a result
of a genomic change, such as
mitotic deletion, gene
conversion or chromosome
missegregration.
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Figure 4 | Spread of an Alu insertion. The ancestral human
population is shown at the top, and two separate
subpopulations are shown below. A monomorphic Alu insertion
(red) is shared by all members of the population. Several Alu
insertion polymorphisms are also shown, including an
intermediate-frequency Alu insertion polymorphism in the
ancestral and subpopulations (green), a population-specific
element (blue) and a de novo insert in subpopulation B (mauve).

and acute myelogenous leukaemia have also been associ-
ated with Alu-mediated recombination®®. Overall, ~0.3%
of all human genetic diseases seem to have resulted from
Alu-mediated unequal homologous recombination*®.
There is also some evidence that Alu elements that
insert into an inverted orientation are more prone than
others to illegitimate recombination®*. It has been sug-
gested that these types of recombination events might
have resulted in a genomic depletion of Alu elements
with inverted orientation. However, identifying Alu ele-
ments that are responsible for such events has proven
much more difficult than detecting Alu-mediated
homologous recombination events for two reasons —
the inverted elements result in illegitimate recombination
events, and it is difficult to determine, in individual
recombination events, whether the Alu elements con-
tributed to the event or were merely located fortuitously
nearby. So, the total contribution of Alu elements to
recombination-mediated damage to the human genome
might be much higher than the estimates quoted above.

Apart from the propensity of certain genes to have
highly increased Alu-mediated recombination, it is
probable that the extent to which this process actually
occurs varies between individuals. For example, model
studies show that TP53 (which encodes p53) mutants
are much more prone to both homologous and
inverted Alu-mediated recombination events®. So,
individuals with defects or polymorphisms in TP53
might be more prone to these types of event as a result
of increased levels of homologous recombination, as
well as possibly decreased sensitivity to base-pairing
fidelity that would presumably allow recombination
between more poorly matched homologues.
Furthermore, as genes such as TP53 become inactivated
in tumorigenesis, Alu-mediated recombination events
are likely to be a principal factor in progression of the
tumour through ross or HETEROZYGOsITY and genomic
rearrangements.

It is also possible that Alu insertions have more sub-
tle consequences for genomic structure and function —
for example, chromosomal recombination rates are
influenced by non-homologous regions. Previous stud-
ies have indicated that a mobile-element insertion
might be responsible for a marked decrease of recombi-
nation in the vicinity of insertion®>*. Such a decrease of
recombination might influence the reassociation of
haplotypes in the vicinity of a polymorphic Alu inser-
tion. Early in primate evolution, this type of local dis-
ruption of chromosomal recombination might have
contributed to chromosome incompatibilities that
accelerated speciation.

Alu elements are distributed in the genome with a
strong bias towards the more gene-rich chromosomal
regions’'". It seems unlikely that this bias is due to
insertional preferences, because L1 elements have
almost the opposite chromosomal distribution, and the
younger Alu elements do not show this chromosomal
bias”. Therefore, it has been suggested that Alu elements
might have a function that imposes post-insertional
selection pressures that change the distribution of the
older Alu elements’, although some recombination-
based process that can alter their distribution cannot be
ruled out. However, even the younger Alu elements in
that study were old enough to be fixed in the human
genome. Once elements are fixed in the genome, there is
no longer enough diversity for natural selection to act
on, and therefore natural selection is unlikely to be
important®. Therefore, we believe that the relatively
high Alu—Alu recombination rate is likely to be respon-
sible for the gradual depletion of Alu elements in the
gene-poor regions. Recombination events in the more
gene-rich regions are more likely to provide a selective
disadvantage, resulting in the gradual loss of Alu ele-
ments from the gene-poor regions.

Alu elements and simple sequence repeats

Several laboratories have done computational and
empirical studies of Alu insertions and of simple
sequence repeats in the human genome, and noted an
association in the distribution of these two classes of
repeated sequences® "%, When a new Alu element
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Figure 5 | Schematic of Alu-induced damage to the human genome. a | Potential
consequences of insertion of a new element in the vicinity of a gene. The coloured boxes
represent exons. The red arrows show existing Alu elements that are orientated in different
directions in the introns of the gene. The site of insertion of an Alu element influences the effect of
this insertion on the genome as shown. b | Unequal, homologous recombination between two

Alu elements that are located in two different introns. The arrows that are broken by dashed lines
show the path of the recombination event. The genes below show that a deletion has occurred in
one copy, whereas a duplication has occurred in the other; either is likely to be deleterious
(modified with permission from figure 1 in REE 48).

integrates into the genome, it brings along two
additional sources of simple sequence repeats: in the
middle, the A-rich region (that contains the sequence
A TACA,) and the oligo(dA)-rich tail (which can be a
perfect A repeat, up to 100 bases long). In addition, indi-
vidual Alu repeats are also flanked by short (A+T)-rich
direct repeated sequences that form when the elements
integrate into staggered chromosomal breaks, and are
thought to arise as a result of the endonucleolytic activity
of LINE-derived reverse transcriptase®. The homopoly-
meric simple sequences in Alu elements are the least
complex simple sequence repeats in the human genome.
So, the association between Alu elements and
homopolymeric simple sequence repeats in general is
not surprising. These simple sequences are subjected to
various mutational forces, including point mutations,
and inter- and intrastrand crossover events, as well as
replication slippage, all of which lead to changes in both
length and complexity of the repeats'1°!,

More than 25% of all the simple sequence repeats in
primate genomes, including microsatellites, are associ-
ated with Alu elements®. In some cases, this association
might result from a random integration of Alu elements
near existing microsatellite sequences®. Alternatively,
and more commonly, Alu elements themselves are the
source of homopolymeric simple sequences that give rise
to microsatellite sequence motifs, following additional

GENE CONVERSION mutational events®. The analysis of Alu subfamilies and
A non-reciprocal recombination of the recently integrated Alu elements has indicated that
process that results in an . . ..

. the homopolymeric adenine sequences that lie in Alu
alteration of the sequence of a K i o ess
gene to that of its homologue elements are a source of primate microsatellites®*%. In
during meiosis. fact, because each Alu has two A-rich regions, we can

estimate that together, genome-wide Alu elements pro-
vide at least 2.2 million potential sites for generating
microsatellite repeats. There is also at least one example
of the middle A-rich region of an Alu element in the
frataxin gene that can give rise to a triplet-repeat expan-
sion that is responsible for Friedreich ataxia'®>'®®. Further
computational and empirical studies are required to help
us understand the mechanisms that generate these
microsatellites, and how the generation of mutations in
these sequences and their rates differ across the genome.

Alu elements and SNPs

Several studies have involved repeated sequence analysis
of individual Alu-family members that have only
recently integrated into the human genome. Because of
their recent origin, these young Alu elements have low
levels of SNPs'*. Phylogenetic studies of the sequence
diversity in and around Alu elements that are located in
the a-fetoprotein gene cluster'®, albumin'® and around
globin genes'”'®have indicated that, once integrated
into the genome, Alu elements might mutate at a neutral
rate. However, as already mentioned, the high incidence
of CpG dinucleotides in new Alu inserts predisposes
them to an approximately tenfold higher mutation
rate’»*. Because there are ~24 CpG positions in a new
Alu insertion®, roughly half of the SNPs in young Alu
elements fall in these CpG dinucleotides.

Several studies indicate that Alu elements, as well as
other mobile elements, undergo a large amount of gene
conversion**>*1%-111 None of the large-scale studies on
Alu elements has systematically addressed the impact of
GENECONVERSION on human polymorphisms. Alu-element-
mediated gene conversion has been implicated in the
inactivation of the CMP-N-acetylneuraminic acid
hydroxylase gene in the human lineage'?. However, phy-
logenetic studies, as well as studies based on the very
strong hierarchy of Alu subfamilies, have indicated that
there might be very high levels of gene conversion among
Alu elements'’. The only gene conversions that were
detectable in those studies were those that changed one or
more of the diagnostic, subfamily-specific mutations. In
general, the gene conversions seem to involve relatively
small regions of 50-100 base pairs that alter only one or
two of the diagnostic mutations, although gene conver-
sion of a complete Alu element has also been
detected'®''2, Gene-conversion frequency varies between
Alu elements. In the case of relatively recently inserted Ya5
elements that were converted to the older and much
higher copy number AluY subfamily, a conversion fre-
quency of ~20% was observed over a few million years'"”.
In another study, of older Alu elements that were under-
going gene conversion to the low copy number Ya5 and
Yb9 subfamilies, only ~1% of the elements had under-
gone conversion over a period of 5-10 million years®.
Because these Alu elements are older, they would have
accumulated mismatches relative to their subfamily con-
sensus sequences. Unfortunately, we cannot determine
whether these differences in the conversion rate were
related to the copy number or mismatch levels between
the different Alu repeats. It is important to bear in mind
that, because of detection limitations, these studies might
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underestimate gene-conversion events between members
of the same subfamily.

The molecular mechanism behind these apparent
gene-conversion events is unknown. It is possible that
tandem integration of Alu elements, followed by
recombination between the two adjacent Alu elements,
could create Alu elements with chimeric subfamily
characteristics'*!'"?. Although this might explain a
small proportion of Alu gene conversions, most would
require double crossover events that are much more
likely to occur by more traditional gene-conversion
events. So far, the relative influences of copy number,
mismatch and sequence polymorphism on Alu-related
gene conversion have not been determined.

Irrespective of the molecular mechanism that under-
lies Alu-mediated gene conversion, this type of sequence
exchange is of great biological importance to Alu repeats
and to the alteration of the sequence architecture of the
human genome*>7®!%11% Other types of mobile ele-
ment, such as Tf2 in yeast, have been shown to mobilize
by gene-converting pre-existing elements'"*. Therefore,
this process of gene conversion between Alu elements
might, in fact, represent a second pathway for their
mobilization in the human genome!*®!'°. Although such
a process will not influence the copy number of Alu ele-
ments, it can alter the copy number of specific subfami-
lies and also potentially result in activation or silencing
of an Alu element at a specific locus by altering its pro-
moter sequences. Because Alu elements make up more
than 10% of the human genome, and because they are
associated with such a high level of gene conversion, it is
probable that this type of gene conversion contributes
considerably to the overall frequency of SNPs in the
human genome'"’. Similar types of gene conversion
seem to contribute to SNP diversity throughout the
human genome''*'">. Depending on their frequency,
gene-conversion events could have an important impact
on the use of these SNPs as identical-by-descent mark-
ers, because gene conversion would effectively generate
parallel forward or backward SNP mutations.

Alu elements and gene expression

An estimated one-third of all human CpG dinucleotides
are found in Alu sequences''®'"7, and those that lie in
mobilization-competent Alu elements have been retained
throughout 65 million years of evolution®*. Because the
remainder of Alu sequence (non-CpG bases) has
mutated at a neutral rate throughout subfamily evolu-
tion, these CpG dinucleotides might have some function,
either in the Alu sequences themselves or in the genome.
In eukaryotes, cytosines can become methylated to form
5-methylcytosine — an important genomic modification
that frequently leads to a methylcytosine-to-thymidine
conversion on replication and, potentially, to large-scale
changes in gene expression, as a result of alterations in
DNA methylation patterns"®. Therefore, the conservation
of these dinucleotides in Alu subfamilies might indicate a
form of selection for their retention in active Alu ele-
ments. This is in contrast with the rest of the Alu
sequences, which seem to have evolved at a neutral rate
throughout primate evolution®.

Methylation levels that are associated with several
Alu sequences have been shown to vary in different tis-
sues at different times throughout development"®. Such
spatial and temporal variation in Alu methylation is
important in silencing their expression'*'*. In addi-
tion, the decay of methylated CpG dinucleotides into
TpG dinucleotides would also tend to increase the pair-
wise divergence between Alu repeats over time, thereby
decreasing the recombination between elements.
Methylation of these CpG dinucleotides has been
shown to influence gene expression in a subtle, gene-
specific manner, as well as in genome-wide imprinting.
These data indicate that Alu elements might act as
global modifiers of gene expression through changes in
their own methylation status.

The expression of Alu RNAs has been shown to
increase in response to cellular stress, and to viral and
translational inhibition'?"!?2, In addition, Alu RNA has
been shown to stimulate the translation of a reporter
gene, which indicates that Alu RNAs might have a role
in maintaining or regulating translation (C. M. Rubin et
al., unpublished data). Even though Alu elements form
a large multigene family, the expression of individual
genomic Alu elements in response to stress induction
seems to vary from locus to locus, and to depend on the
local genomic environment. So, aspects of both local
and global changes in response to stress can be attrib-
uted to Alu elements.

Conclusion and future directions

Alu repeats continue to generate genomic diversity in
several ways. Their amplification has resulted in the
generation of the largest family of mobile elements in
the human genome. Several thousand Alu elements
have integrated into the human genome since the
divergence of humans and African apes**711% some
of them have caused new detrimental mutations*.
Additionally, recombination between Alu elements has
contributed to the generation of human genetic diver-
sity and is responsible for several human genetic disor-
ders*. Many Alu sequences affect gene expression
through changes in their own methylation status,
whereas the expression of Alu RNA might influence
translation levels'*"1?*124, Alu repeats that have under-
gone extensive gene conversion influenced the accumu-
lation of SNPs in the genome*”#!"° — a phenomenon
that has a significant impact on genetic-linkage studies
and on population genetics. Detailed knowledge of the
levels of temporal and spatial variation in Alu-related
gene conversion will provide further insight into the
magnitude of this process.

But, most of the newly integrated Alu insertions are
an innocuous source of genetic variation with a subset
of homoplasy-free Alu-insertion polymorphisms that
are useful for studying the relationships between pop-
ulations, and the evolution and organization of
tandemly arrayed gene families***®7!1% These ele-
ments will also be useful as genomic anchors for com-
parative genomic studies of the organization of non-
human primate genomes***®’8, Future studies of the
expansion of recently integrated Alu elements and
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LINEs in non-human primate genomes will allow a
detailed analysis of the interplay between the amplifi-
cation dynamics of these elements, using whole pri-
mate genomes as ‘test-tubes’. These types of studies will
facilitate an evolutionary examination of the current
working hypothesis that Alu elements and LINEs use a
common pathway for amplification”. In addition, they
will result in the generation of new genetic markers for
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+ Alu elements are a class of short interspersed elements (SINEs) that
have expanded to a copy number of more than one million elements
in primate genomes.

+ The expansion of Alu elements is characterized by the dispersal, in a
series of subfamilies, of elements of different evolutionary age that
share common nucleotide substitutions.

+ Alu elements have an impact on the genome in several ways, including

insertion mutations, recombination between elements, gene conver-

sion and gene expression.

The human diseases caused by Alu insertions include neurofibromato-

sis, haemophilia, familial hypercholesterolaemia, breast cancer, insulin-

resistant diabetes type IT and Ewing sarcoma.

+ Alu elements alter the distribution of methylation and, possibly, tran-

scription of genes throughout the genome.

The transcription of Alu elements changes in response to cellular stress

and might be involved in maintaining or regulating the cellular stress

response.

+ Alu elements are a primary source for the origin of simple sequence
repeats in primate genomes.

+ Alu-insertion polymorphisms are a boon for the study of human pop-
ulation genetics and primate comparative genomics because they are
neutral, identical-by-descent genetic markers with known ancestral
states.
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