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INTRODUCTION

Alu elements represent one of the most successful mobile elements found in any genome.
They have reached a copy number in excess of one million copies, making up more than 10%
of the human genome. The level of amplification required to reach this high copy number has
created an enormous number of insertion mutations resulting in human disease and genome
evolution. They also add extensive diversity to the genome by introducing alternative splicing
and editing to a wide range of RNA transcripts. In addition, after insertion Alu elements
contribute to a high level of genetic instability through recombination. This instability contrib-
utes to a significant number of germ-line mutations and may be an even bigger factor in cancer
and/or aging.

ALU ELEMENTS

Alu elements have reached a copy number in excess of 1 x 10°, representing more than 10%
of the human genome (/). They are widely distributed across the entire genome, with only a
relatively few regions that have few of them. A/u elements tend to be enriched in the GC-rich,
gene-rich regions, with many Alu elements located in the introns of genes.

The current rate of A/lu amplification has been estimated to be in the range of one new
insertion per 20—-200 human births (2,3). The Alu insertion process has the potential to
damage the genome both through insertional mutagenesis, and through facilitation of
unequal, homologous recombination events (2). Insertional mutagenesis by Alu causes approx
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Fig. 1. Structure of an Alu element. A typical Alu element is schematized with the arrowheads represent-
ing the short, direct repeats formed at the point of insertion. The left half of A/u contains the A and B boxes
of the RNA polymerase III promoter. The two halves of the Alu dimer are separated by an A-rich region
and the 3' end of the A/u contains a variable, A-rich region. The line above represents a typical Alu
transcript, which terminates in the downstream flanking sequence at a terminator that generally contains
four or more T residues in a row. The dotted portion of the line represents sequences downstream of the
Alu element that will be variable between transcripts from different genomic loci.

0.1% of human genetic disease, whereas recombination processes contribute to amuch higher level.
Little is known about the influence of A/u insertions in somatic or transformed cells. They have the
potential to contribute to genetic instability in tumorigenesis, aging, and other somatic disorders.

MECHANISM OF INSERTION

Understanding the mechanism of Alu insertion is critical to understanding how they influ-
ence genetic instability. A typical Alu element, shown schematically in Fig. 1, contains an
internal, RNA polymerase III promoter that allows transcription through the element and into
the flanking sequence. Alu elements have a dimer structure, with both halves having an ances-
tral derivation from the 7SL RNA gene and have no capacity to code for proteins. At the 3' end
of each Alu element is an A-rich sequence of variable length and the elements are generally
flanked by short, direct repeats of 5-20 bp in length that are formed from duplications of the
target site during insertion. It has been shown that the 3' A-rich region is routinely lengthened
by the insertion process (4,5), and rapidly shrinks after insertion (6).

Itis thought that the RNA polymerase III-transcribed A/u RNA must associate in some way
with at least the ORF2 product of L1, which codes for endonuclease and reverse transcriptase
activities. Thus, Alu is considered a nonautonomous mobile element, which is dependent on
the autonomous L1 elements. The endonuclease then cleaves the genomic DNA at a loose
consensus sequence, and the genomic site primes reverse transcription of the Alu RNA, using
the 3' oligo-A region of the Alu RNA as a template. It has been hypothesized that Alu elements
with longer A-tails are more active in the retrotransposition process (6 ). The typical integration
is then finished off by the formation of a second-strand nick and integration of the end of the
cDNA (Fig. 2A). However, significant portions of the events appear to complete the integra-
tion process by recombining with another upstream Alu element (7) (Fig. 2B). This would
cause sequences between the point of insertion and the upstream A/u element to be deleted. It
also seems likely that many Al/u elements may not complete the insertion process. Thus, the
initiation of the insertion may create genomic nicks that contribute to mutation and recombi-
nation processes in the cell, but show no evidence of Alu insertion.

Although Alu amplification s clearly dependent on L1 elements for their retroposition, there
are definite differences in their amplification process. The most notable difference is that,
using atagged Alu reporter system, Alu insertion was found to not require exogenous L1 ORF1
expression (35).
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Fig. 2. Integration of A/u elements into genomic sites. The basic mechanism of A/u insertion is thought
to involve a target-primed reverse transcription (TPRT) in which the endonuclease provided by L1
elements creates a nick in the genomic DNA at a consensus sequence resembling TTTT’AA. The nicked
strand with the T residues can then prime reverse transcription from the 3' A-rich region of the A/u RNA.
The second-strand integration process is poorly understood. The typical integration is schematized in
(A) with a second nick occurring from an unknown source, probably allowing integration of the 3' end
of the cDNA using some sort of microhomology-driven priming. (B) An alternative mechanism that
occurs occasionally where the 5' end finds a homology with another Al/u element upstream. (C) It is
possible that the integration process may abort prematurely, possibly with the intervention of DNA
repair processes, leading to DNA damage. (D) A/u elements may undergo unequal recombination with
other Alu elements nearby. We hypothesize that nicking by L1 endonuclease at consensus sites adjacent
to Alu elements may facilitate this recombination process.
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EVOLUTION OF ALU

Alu elements began to amplify early in primate evolution (8). A precursor to Alu elements
may have predated the primate/rodent divergence. Rodents have B1 elements that are also
derived from the 7SL. RNA gene. However, the B1 elements have a monomer structure,
whereas the Alu elements have a dimer structure that formed early in primate evolution. Alu
elements are found even in the prosimian primates. Alu elements began to accumulate in
primates about 65 million years ago. Because there is no specific mechanism for removal of
Alu elements, their copy number has continued to increase throughout primate evolution.

As the copy number increased, the sequence of Alu elements has evolved as well. Figure 3
shows a schematic of Alu insertions during primate evolution. There were very high levels of
Aluretroposition early in primate evolution. The current rate in human is nearly 100-fold lower
than at the peak of Alu insertion. At different stages of primate evolution, the Alu elements that
amplified had distinct sequence differences that allowed them to be classified into subfamilies
(8). Recent studies suggest that there has been a modest increase of Alu insertions in the human
lineage relative to the other great apes (9).

The most likely explanation for the formation of different Alu subfamilies at different
evolutionary times is that there are extremely few “active” Alu elements at any one time. This
allows the sequence of active elements to drift with time. Various hypotheses have been
proposed for the features that limit Alu element activity. These include the flanking sequences
of Alu elements influencing transcription rates (/0,/ /) and subfamily-specific changes inter-
acting with the retrotransposition machinery (/2). Currently, we favor the length of the A-tail
as the most important factor (6). The A-tail grows on insertion but shrinks rapidly in evolution-
ary terms, potentially silencing individual Alus. In addition, older A/u elements accumulate
mutations that lessen their expression, as well as potentially their interaction with the
retroposition proteins. Thus, only progeny from the most recent insertions are likely to main-
tain activity.

Because the most recent inserts are also the most likely to be active elements, many of the
most active elements will be polymorphic in the human population. Thus, different individuals
in a population may be more or less prone to Alu amplification and it is the entire population
that serves as a reservoir for potentially active elements.

Chromosomal Distribution

Although Alu elements are spread throughout the human genome, they show some regions
of higher density. In particular, Alu elements appear to be preferentially located in GC-rich
genomic “isochores,” while L1 elements are located in AT-rich isochores. However, most
recent data suggest that A/u elements insert relatively randomly with respect to GC content (/),
and are selectively lost from the AT-rich regions (/3,/4), creating the bias seen. Thus, Alu
elements are likely to have a fairly random insertional mutagenesis potential, but are more
likely to contribute to postinsertional recombination events (see below) in the GC- and gene-
rich regions of the chromosomes.

INSERTIONAL MUTAGENESIS

Alu elements create an approx 300-bp insertion mutation at any new genomic insertion site.
If Alu insertion occurs in a coding exon, or near a splice junction, they are likely to disrupt the
appropriate expression of a gene (2). Table 1 shows a collection of most of the known cases
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Fig. 3. Insertion history of Alu elements in the primate lineage. The times and approximate copy numbers
of some of the major subfamilies of Alu elements are listed on a primate tree to illustrate the approximate
times of formation of Alu elements, primarily for the human lineage, but also including several SINEs
identified in prosimians.

of human diseases, caused fairly equally by these two types of insertions. Although these
represent a number of different diseases, reflecting the broad distribution of Alu elements
throughout the human genome, there are multiple independent cases in four different loci. This
is probably largely a case of ascertainment bias because those genes have been very heavily
studied. However, there is also a strong preference seen for diseases associated with the X
chromosome (10/23 cases). There is much less of a bias for the X chromosome than has been
seen for L1 element insertions, and probably also largely represents an ascertainment bias in
favor of sex-linked diseases.

In afew rare cases, Alu elements have inserted into an exon coding for the carboxy-terminus
of a protein and has not destroyed the function of the protein (/5,/6). In these cases, the Alu
element has incorporated a portion of its sequence into the coding region of the protein, likely
because that portion of the protein was not critical for function, but novel proteins can evolve
this way.

Insertions in the middle of introns or between genes appear to be well-tolerated and to have
minimal effects on genes. Many genes have introns that include dozens of A/u elements that
make up more than half of their DNA. However, as discussed next, many of these initially
harmless Alu insertions can become deleterious by contributing to recombination events, or
through further mutation altering their properties.

As illustrated in Fig. 2C, it is possible that A/u elements sometimes begin the insertion
process, but that cellular repair processes remove the initial primed element. This would result
in a nicked DNA that could serve as a free end in a recombination event (Fig. 2D), as well as
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Table 1
Alu Insertions Causing Human Disease

Locus CHR Disease Refs.
3X HEMB (IX) X Hemophilia B 3,61,62
2X HEMA (VIII) X Hemophilia A 63,64
2X CLCN5 X Dent disease 65,66
BTK X X-linked y-globulinaemia 67
IL2RG X XSCID 67
GK X Glycerol kinase deficiency 68
BCHE 3 Cholinesterase deficiency 69
CASR 3 Hypocalciuric hypercalcemia and hyperparathyroidism 70
MLVI2 5 Leukemia 71
APC 5 Hereditary desmoid disease 72
EYAl 8 Branchio-oto-renal syndrome 73
2X FGFR2 10 Apert syndrome 74
FASL 10 Autoimmune lymphoproliferative syndrome 75
CINH 11 Complement deficiency 76
AIP 11 Al porphyria 77
BRCA2 13 Breast cancer 78
NF1 17 Neurofibromatosis 79

CHR refers to the chromosome for the insertion.
2X and 3X refer to genes that have had two or three insertions, respectively.

lead to mistakes in DNA repair and other DNA damage. Such events would be the result of an
attempted Alu insertion, but would leave no evidence of the role of the Alu element. Thus, at
this point we believe that we underestimate the role of mobile elements in recombining and
damaging the human genome.

POSTINSERTION DAMAGE

Recombination

Alu elements may continue to contribute to genetic instability even if they do not initially
damage a gene. A common form of secondary damage is owing to unequal homologous
recombination, but several other types of mutations can alter the properties of Alu elements to
create damage.

Alu elements may contribute to recombination events in several ways. The best understood
is through either a deletion using the single-strand annealing reaction (Fig. 2D) or areciprocal,
unequal homologous recombination (Fig. 4A), which can cause either duplications or dele-
tions of the segments between the Alu elements that recombine. The recombination event does
not have to be reciprocal. For instance, if cells use the single-strand annealing pathway of
recombination, nearby homologous A/u elements may recombine causing only deletions. These
types of homologous recombination events have been estimated to cause at least 0.3% of
human genetic disease (2). However, as the majority of larger genomic rearrangements have
not been characterized to this level, it seems likely that this represents an underestimate.

There are several studies suggesting that A/u elements located near one another in an inverted
orientation may be even more destabilizing than those in a direct orientation (/7—/9). How-
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Fig. 4. Unequal Alu—Alu recombination. (A) When A/u elements are located in the same orientation near
one another in the genome, it is possible for an unequal homologous recombination event to occur that
can give rise to either a duplication or deletion of the sequences between the Alus. A hybrid Alu element
is usually formed at the point of recombination. (B) When Alu elements are in the inverted orientation,
they also seem to trigger recombination in their vicinity, but the recombination junctions do not seem
to be driven by recombination so that the resulting products can be variable.

ever, the instability caused by the inverted Alu elements (Fig. 4B) does not create a predictable
junction that allows individual recombination events to be definitively defined as being caused
by Alu elements. Recombination can occur at various locations around both Alu elements.
Thus, it is difficult to distinguish between Alu-induced recombination events of this type, and
Alu-unrelated nonhomologous end-joining events. However, it has been suggested that sec-
ondary structures may contribute to the majority of recombination junctions (20), and Alu
elements represent one of the most abundant elements that could consistently contribute to
such secondary structures.

We have previously reported a broad range of genes that have undergone homologous
recombination events leading to genetic defects (2). These represent a broad variety of genes,
as Alu elements are spread throughout essentially all genes. However, there are a few genes
with unusually high levels of Alu—Alu recombination events. This includes a large number of
events in the LDLR and C1 inhibitor loci. However, there are also seven different recombina-
tion events leading to breast cancer in the BRCA I gene (2/-25), three mutations in the MSH2
gene that may represent as much as 10% of the defects in that gene (26,27), and a duplication
and adeletion in MSH6 (28). The majority of cases of acute myelogenous leukemia that do not
involve a visible translocation have been shown to involve Alu—Alu-mediated duplication
events in the MLL gene (29). Although inter-chromosomal translocations generally do not
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Fig. 5. Map of the Alu—Alu recombination junctions found in an assortment of recombination events. The
darker dashed lines represent those occurring in the LDLR gene. The lighter dashed lines represent those
occurring in the globin genes. The solid gray lines represent those that occurred in the MLL gene leading
to acute myelogenous leukemia and the solid dark lines represent recombination events in an assortment
of other genes. The length of the lines represents the uncertainty in the exact point of the recombination
events relative to the schematic map of the A/u dimer shown. The arrows in the dimer portions represent
the A-rich regions.

involve Alu—Alu-mediated translocations, there is now some evidence that many of these cases
have additional, smaller rearrangements in the MLL gene that may be Alu-mediated (30).
Recently, it has been suggested that up to 30% of mutations in the Fanconi anemia gene
(FANCA) may be caused by Alu—Alu recombination events and that these types of events are
not typically detected using the polymerase chain reaction strategies commonly in use (37).
Thus, there is likely a strong ascertainment bias against detecting Al/u-mediated genomic
rearrangements.

Most of the Alu—Alurecombination events are between nearby elements, generally spanning
distances of less than 50 kb and often only a few kb in length. There are also a number of cases
of chromosomal translocations that suggest some involvement of Alu elements (20,32), but
very few that involve Alu—Alu homologous recombination.

It has been proposed that Alu elements may contain specific sequences that trigger recom-
bination (33). An analogy has been made to “chi-like” sites that may cause targeting of the
recombination events within the upstream portion of the Alu element. The original data that
triggered that hypothesis were mostly from recombination events in the LDLR gene that appear
to cluster (Fig. 5). However, when a broader range of A/u—Alu recombination events are
mapped, they occur dispersed throughout the Alu element, with only a modest predisposition
to the leftend. This includes both germline recombination events, as well as somatic events like
those that contribute to AML (29). The apparent predisposition for the upstream end of A/u may
be caused by numerous factors. One is that none of the positions that define the Alu subfamilies
occur toward the upstream end of Alu and therefore A/u elements from different subfamilies
may show fewer mismatches with one another at that end. Also, that region includes the RNA
pol IIT promoter for the element and may have a more open structure, particularly with specific
Alu elements that may be in the appropriate chromatin environment to favor expression (//).
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Finally, whatever sequence features favored the insertion of the A/u at that location in the first
place may lead to higher recombination rates near the end of the element.

Alternative Mutagenic Changes

In addition to a major contribution to genetic instability through insertion and recombina-
tion, Alu elements may also contribute to other forms of DNA damage. There are a growing
number of reports that Alu elements may influence splicing of genes. Alu elements have
inserted in a number of loci without causing any apparent defect, but point mutations in the Alu
elements have led to activation of cryptic splice sites causing genetic defects (34,35). In
addition, there is growing evidence that even Alu elements that are tolerated in genes may be
contributing to a significant level of alternative and aberrant splicing (36—-38). This leads to the
inclusion of parts of A/u elements in a proportion of transcripts coming from the gene. In most
cases these would be expected to result in defective RNAs and would, therefore, decrease the
overall expression from those genes.

Although the A-tails of new Alu insertions appear to generally be homogeneous, they have
been shown to commonly lead to the creation of more complex microsatellites over time (39).
Although such changes would lead to frequent genetic polymorphism, the vast majority would
be expected to be relatively harmless. One important example of a disease-causing change
occurred in the middle A-rich region of an Alu in the frataxin gene (40). In one particular
human, this region mutated into a GAA microsatellite. This GAA microsatellite created the
permutation allele that grew through triplet repeat instability to a size where it somehow
blocked transcription of the frataxin gene (4/—43), leading to Friedreich ataxia in those carry-
ing this microsatellite.

Other changes within these A-rich regions commonly generate the potential polyadenylation
signal, AATAAA (44). This could lead to truncation of transcripts and disruption of gene
expression.

EVOLUTIONARY CHANGES CAUSED BY ALU

In order to create the more than 1 million Alu elements fixed today in the human genome,
there have had to be massive numbers of other insertions events that were not fixed. Thus, Alu
elements have been a major contributor to genomic instability and evolution throughout pri-
mate history. One such event was an insertion-mediated deletion that inactivated the CMP-N-
acetylneuraminic acid hydroxylase gene only in humans (45). This led to altered protein
glycosylation, which may have been a significant change helping to result in the speciation of
humans from chimpanzees.

Alu—Alurecombination events have also played an important role in chromosomal evolution
and potentially speciation. It appears that an Alu—Alu-mediated recombination in the
gulonolactone oxidase gene occurred after the divergence of prosimians from the other pri-
mates (46). This enzyme is a critical late step in the synthesis of vitamin C and resulted in the
inability of primates to synthesize this vitamin, leading to the possibility of scurvy.

Inabroader sense, Alu elements appear to have been involved in a number of recombination
events that have helped lead to segmental duplications on human chromosomes (47,48). These
segmental duplications have in turn been associated with a number of different syndromes
through instability of the segmental duplications (49). Thus, Alu elements appear to have
contributed to an overall rearrangement of the genome and chromosomes that has given rise
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to extra copies of genes, which may be beneficial for evolution, which on the other hand, can
have negative impacts on the long-term genomic stability and function.

Gene Regulation and Stability

In addition to the evolutionary changes that Alu may cause that are related to its role in
genetic instability, Alu elements have also been suggested to cause changes in gene structure
and regulation. Transcriptional regulatory elements have been mapped to Alu elements near
the promoters of genes (reviewed in ref. 50), as well as Alu elements having been shown in
several reporter systems to be able to contribute transcription factor binding sites to stimulate
gene expression (5/,52), as well as insulator sequences to isolate genes from other nearby
elements (53). Thus, Alu elements have probably influenced expression of many genes through
insertion near their promoters.

It also has been suggested that expression of Alu elements may contribute to a selective
regulation of the initiation of translation (54 ). Because expression of A/u elements is stimulated
by viral infection (55 ), transformation (56,57), chemotherapeutic DNA-damaging agents (58),
and a number of cellular stresses (59), leading to speculation that this may help regulate the
translation process in those situations.

Aluelements may make up a large portion of the intronic sequence in RNAs, as well as being
presented in 3' non-coding regions. It has recently been noted that there are high levels of
adenine-to-inosine RNA editing in human cells, and that more than 90% of it occurs within Alu
elements (60). This is likely because of the ability of Alu elements in various orientations in
the RNA to form duplex structures that make excellent substrates for the editing enzyme
(ADAR). Whether there is a role for this editing of Alu elements, or whether they just compete
with other RNA substrates, is currently not known. Through RNA editing, differential splicing,
and other mechanisms, A/u elements may influence the processing and stability numerous
cellular transcripts.

FUTURE DIRECTIONS

Although our understanding of both the mechanisms of A/u element amplification and their
role in human disease have increased greatly, there are a number of important issues still to be
resolved. In terms of human disease, one of the current problems is that many of the polymerase
chain reaction-based strategies used to identify human disease mutations are biased against the
detection of large sequence insertions or deletions. Thus, we are probably not detecting a
significant proportion of the Alu element-induced damage in human disease.

As we learn more about the mechanism of Alu amplification, it will be important to focus on
which cell types are involved in the amplification; germ line, somatic, and tumor cells. Also
important are questions of how A/u elements interact with cellular gene products that may modulate,
or respond to, their amplification. This will help determine whether different individuals are more
or less susceptible to damage by these elements. Similarly, with evidence that expression of Alu
elements being stimulated by numerous environmental factors, the possibility that different indi-
viduals are more or less prone to damage by Alu elements in response to genomic exposures will
be an important issue. Finally, Alu elements apparently utilize the L.1 machinery for their amplifi-
cation more efficiently than does L1 itself. It will be important to delineate both the commonalities
and differences in the actual mechanism of amplification of these elements, as well as their respec-
tive impacts once inserted in the genome, in order to fully assess the roles these elements play in
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human genetic instability. Ultimately, we must determine whether there is anything we can do to
minimize the genetic instability caused by these elements.

SUMMARY

Alu elements have caused insertional mutation events throughout primate evolution and
continue to cause a significant level of sporadic human genetic disease. Furthermore, the high
copy number of Alu elements in the human genome contributes to secondary events, such as
recombination events, that also contribute extensively to human disease. There are also a
number of other ways in which Alu elements contribute to human genetic diversity (i.e.,
causing alternative splicing and changes in gene regulation).
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