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Alu elements have amplified in primate genomes
hrough a RNA-dependent mechanism, termed ret-
oposition, and have reached a copy number in excess
f 500,000 copies per human genome. These elements
ave been proposed to have a number of functions in
he human genome, and have certainly had a major
mpact on genomic architecture. Alu elements con-
inue to amplify at a rate of about one insertion every
00 new births. We have found 16 examples of dis-
ases caused by the insertion of Alu elements, sug-
esting that they may contribute to about 0.1% of hu-
an genetic disorders by this mechanism. The large
umber of Alu elements within primate genomes also
rovides abundant opportunities for unequal homol-
gous recombination events. These events often oc-
ur intrachromosomally, resulting in deletion or du-
lication of exons in a gene, but they also can occur

nterchromosomally, causing more complex chromo-
omal abnormalities. We have found 33 cases of germ-
ine genetic diseases and 16 cases of cancer caused by
nequal homologous recombination between Alu re-
eats. We estimate that this mode of mutagenesis ac-
ounts for another 0.3% of human genetic diseases.
etween these different mechanisms, Alu elements
ave not only contributed a great deal to the evolu-
ion of the genome but also continue to contribute to
significant portion of human genetic diseases. © 1999
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THE SPREAD OF Alu ELEMENTS IN THE
HUMAN GENOME

Alu elements represent a sequence of approxi-
ately 300 nucleotides (nt) in length that are tran-

cribed by RNA polymerase III. The RNA transcript
s then reverse-transcribed and inserted into a new
ocation in the genome. This RNA-mediated process
or making new copies of the element is termed
etroposition (1). Different Alu elements in the ge-
ome are not identical to one another. It appears
hat Alu elements that have integrated recently
ithin the genome are quite homogeneous, and al-
ost exact copies of one another (2). However, the

lder copies have accumulated random mutations,
aking them typically divergent by 20% or more

rom one another at the sequence level (3).
Alu elements began inserting early in primate

volution, approximately 65 mya (3). Although there
re some related elements in mammals outside of
he primate order, they do not have the specific
tructure of Alu elements. The rate of Alu amplifi-
ation appears to have reached a maximum between
5 and 60 mya, and is currently amplifying at only

% of the maximum rate. There are probably only
bout 2000 Alus specific to the human genome, and
ot found in chimpanzee and gorilla. Thus, about
9.8% of the 500,000 Alus in the human genome can

1096-7192/99 $30.00
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e found at the same locus in all of the great apes,
nd 85% of the elements at specific loci can be found
n all monkeys. Our best estimates of Alu amplifica-
ion in the human genome are that there is one new
nsert in about every 200 new births (4). Although
his is well below the peak rate, it is still high
nough to represent a significant factor in human
utagenesis.
In addition to random mutations, which occur to
lu elements after their insertion in the genome,

here are specific base changes that allow separation
f Alu elements into different subfamilies (5–10).
he different subfamilies were all inserted at differ-
nt stages of primate evolution. Almost all of the
nsertions that have occurred specifically in the hu-

an genome come from four closely related subfam-
lies, Alu Y, Ya5, Ya8, and Yb8. Ya5 and Yb8 inserts
epresent the majority of the inserts and Alu Y in-
erts are relatively rare. All of the new inserts be-
ong to a small group of the most recently created
ubfamilies (see Table 1). This demonstrates that
nly a small subset of Alus is capable of amplifica-
ion (11).

Several explanations for the selective amplifica-
ion of specific subfamilies have been proposed. One
ikely explanation is that a few specific loci are ca-
able of active amplification, while almost all other

TA
Alu Insertio

Locus Distribution Subfamil

aR Familial Ya4

lvi-2 De novo (somatic?) Ya5
F1 De novo Ya5
ROGINS About 50% Ya5
L2RG Familial Ya5
CE About 50% Ya5

actor IX A grandparent Ya5
YA1 De novo Ya5
3 FGFR2 De novo Ya5 & Yb
holinesterase One Japanese family Yb8
PC Familial Yb8
tk Familial Y
1 inhibitor De novo Y
RCA2 De novo Y
K ? Y

84 DEININGE
oci are not, and that there are almost no such loci in
he older subfamilies (11). Alternatively, one has to
ropose that loci from all subfamilies express, but
hat the RNAs expressed from the newer subfami-

c
i
A
a

ies interact with the retroposition apparatus much
etter than the older subfamily RNAs (12,13).

Alus AND L1 ELEMENTS

The other major mobile element in the human
enome is the L1 element. Alu elements are RNA
olymerase III-derived transcripts that have no cod-
ng capacity. Thus, they do not code for any proteins
hat might be involved in the retroposition process.
1 repeats, on the other hand, are much longer and
ave two open-reading frames (reviewed in (14)).
ne open-reading frame apparently codes for an
NA-binding protein whose exact function is un-
nown. The other open-reading frame codes for a
rotein that includes domains for reverse transcrip-
ase, as well as for an endonuclease that apparently
icks the genome at the site of insertion (15–17). An
ssay that allows rapid L1 retroposition in cultured
ells has been devised recently (18). This assay fa-
ilitates the dissection of the details of the L1 ret-
oposition mechanism.
Alu elements must obtain the enzymes for their

etroposition from somewhere. In addition, there are
triking similarities between the mechanisms of Alu
nd L1 retroposition that make it very attractive to
hink that L1 elements may supply the necessary

1
d Disease

Disease Reference

Hypocalciuric hypercalcemia and
neonatal severe hyperparathyroidism

(51)

Associated with leukemia (52)
Neurofibromatosis (53)
Linked with ovarian carcinoma (54)
XSCID (55)
Linked with protection from heart

disease
(35)

Hemophilia (56)
Branchio-oto-renal syndrome (57)
Apert’s syndrome (41)
Cholinesterase deficiency (58)
Hereditary desmoid disease (59)
X-linked agammaglobulinaemia (55)
Complement deficiency (60)
Breast cancer (61)
Glycerol kinase deficiency (62)

BATZER
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omponents for Alu retroposition (15,16,19,20). This
dea is certainly very attractive, and thus the rate of
lu retroposition may be very dependent on the rate
nd evolution of L1 elements.
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D HU
Alu ELEMENTS: FUNCTIONAL ROLE OR A
PARASITE’S PARASITE

Alu repeats represent over 5% of the mass of the
uman genome. They are also spread throughout
he entire genome, at varying densities. These ob-
ervations, along with other specific properties of
he Alu elements have led to a number of hypothet-
cal functions for the Alu elements that might ex-
lain their ubiquitous presence in primate genomes.
ome of the proposed roles involve an everyday func-
ion for the cell, while others are of a more sporadic
ature.
The first role ever proposed for Alu elements was

hat they might be origins of DNA replication (21).
his role is consistent with their high copy number
nd dispersed nature, but has not been substanti-
ted by direct experimentation and seems like too
mportant a function to be served by an element that
s not found outside of primates.

More recently, evidence has been presented that
lu RNAs may stimulate protein translation by in-
ibiting a RNA-dependent protein kinase, PKR (22–
4). Because Alu RNAs from many loci are stimu-
ated by a number of cellular stresses, such as viral
nfection and heat shock, this would provide a mech-
nism by which dispersed sequences may contribute
o a cellular process as a group. If this is a function
f Alu elements, then it is likely to represent only a
lightly modified regulation seen in nonprimate spe-
ies that is filled by other RNAs or molecules in
hose species.

Evidence has been presented in yeast that retro-
ransposable elements may aid in healing chromo-
omal breaks (25,26). This suggests the possibility
hat Alu and L1 elements may provide the same role
n the human genome.

There are several thoughts concerning the possi-
le roles of Alu elements in the evolution of the
uman genome. As discussed below, Alu elements
an lead to unequal recombination that results in
eletion or duplication of sequences. These events
ould allow duplication of exons and therefore for-
ation of new protein variants. They can also con-

ribute to interchromosomal recombination that
ay lead to cytogenetic alterations that are involved

n human speciation.
There are also several ways in which Alu re-

Alu REPEATS AN
eats have been proposed to influence the evolu-
ion of gene expression. Because Alu elements are
ich in CpG dinucleotides that represent the sub-
trate for genomic methylation, Alu elements rep-

t
h

esent CpG-rich islands that make up about 30%
f the methylation sites in the human genome
24). When an Alu element inserts in a new loca-
ion in the genome, it introduces a CpG island at
hat new location. CpG islands have been associ-
ted with gene regulation, as well as imprinting of
enes, and therefore Alu elements may contribute
o the evolution of gene expression and imprinting
n the human genome. In addition, Alu elements
ave been found to carry functional promoter ele-
ents for several of the steroid hormone receptors

27,28). Thus, insertion of a new Alu element in
he vicinity of a gene may introduce new tran-
cription factor-binding sites that could alter the
egulation of gene expression. There are a number
f cases where elements that influence gene ex-
ression have been mapped to within an Alu re-
eat (29), demonstrating that the introduction of
hese sequences can at least occasionally contrib-
te to gene expression and regulation.
Although, there are numerous cases where indi-

idual Alu elements have had a positive impact on
he human genome, it might be argued that none
f them has been confirmed as a function. In this
ense we would not define something that happens
n a positive sense every few thousand years as
eing a function, because it would be occurring too
poradically to apply a positive selection for the
resence of Alu elements. In addition, studies of
ndividual Alu elements demonstrate that there is
ssentially no selective pressure on any given Alu
epeat, although it is possible that selection does
xist for a handful of master elements. Thus, it
as been argued that Alu and L1 elements may
oth represent “selfish” DNA, or DNA that is only
orking to replicate itself. Selfish DNA may often
ave negative impacts on the host, but can be
olerated if it does not have too strong an adverse
ffect. Selfish DNA may also occasionally have
ositive benefits, but only by chance, and not by
unctional design. If L1 elements are essentially a
arasite within the human genome, and if Alu
elies on L1 elements for their amplification pro-
ess, then one might describe Alu as a “parasite’s
arasite.”

Alus AS MARKERS FOR HUMAN
DIVERSITY

185MAN DISEASE
Although there is still a question as to whether
here is a true functional role for Alu elements in the
uman genome, Alu elements have proved to be
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1 R AND
seful in studies of human DNA. The presence of
lu repeats located ubiquitously throughout the hu-
an genome, but not in nonprimate species, has

llowed detection of human DNA sequences that
ave been transfected into the cells of other organ-

sms, such as mice. This has been useful in marker-
escue experiments in isolating a number of genes,
ncluding the first examples of oncogenes isolated by
ransforming rodent cell lines with human tumor
NAs (30). More recently, inter-Alu PCR (31,32) has

ound a broad range of uses in isolating specific
uman DNA regions from mouse/human hybrid cell

ines and other complex sources containing large
egments of human DNA.
Recent Alu insertions have also proven useful in a

umber of human population studies. In particular,
here are over 1000 Alu insertions that occurred
ecently enough to be present only in a subset of
uman chromosomes. Because there does not seem
o be any specific mechanism for removing Alu ele-
ents from the genome, once inserted they make a

ery stable genetic marker (33,34). This observation,
long with the extremely low probability that any
wo recently integrated elements have inserted in-
ependently in the same chromosomal location,
akes Alu insertions one of the best identical-by-

escent (IBD) markers for human evolution studies.
ny two individuals sharing an Alu insert almost
ertainly do so because they share a common ances-
or in which the insertion occurred. Table 1 includes
n example of an Alu insertion in the angiotensin-
onverting enzyme (ACE) locus that shows a useful
ssociation with protective advantages from heart
isease (35). Many other Alu insertion polymor-
hisms have been identified either in random
enomic loci or in specific genes, but without any
nown disease association. These Alu insertions are
asy to assay for their presence or absence in a
hromosomal location and have been found to be
ery powerful markers for human forensic and mo-
ecular anthropology studies (36,37).

RETROPOSITION OF Alu ELEMENTS
AND DISEASE

Alu elements are located throughout the genome
nd in almost any location within a gene except
hose in which they would totally disrupt the func-

86 DEININGE
ion of that gene. Figure 1 illustrates some of the
ositions relative to a typical gene structure in
hich Alu may land. Alus landing far enough up-

tream of a gene may have no influence on that

w
0
i
t

ene’s expression. However, Alus landing in or near
he promoter/enhancer regions of a gene have been
ound to influence the expression of specific genes
reviewed in (29)), as well as to have the general
otential to add transcription elements, like steroid
ormone receptor elements (27,28), to the upstream
ene region.
Very few Alu elements are found within the 59

oncoding or coding regions of exons, presumably
ecause insertions in those locations are too disrup-
ive to gene function. There are a number of in-
tances where Alu elements have been found to be
art of the region coding for the carboxy-terminus of
protein product (38,39). Presumably these Alus

nsert far enough downstream in the coding se-
uence to result in a new carboxy-terminus that
oes not disrupt the structure of the protein.
Insertions into the 39 noncoding regions of genes

re found commonly and appear to have few nega-
ive affects. Similarly Alus are commonly found in
ntrons, demonstrating that Alu insertions in much
f the intronic region do not alter gene function
ignificantly.
The vast majority of Alu insertions that have led

o human disease insert into coding exons, or into
ntrons relatively near an exon and presumably al-
er splicing. Table 1 is a list of the genetic defects
hat are thought to be caused by Alu insertion
vents. Not all of these cases have been demon-
trated to be directly causative for the disease, but
he rarity of Alu insertion events, coupled with the
ack of other detectable mutations in these cases,
trongly indicates that these are the causative
vents. The ACE insertion (35,40) is likely to be one
xample, however, that shows association with dis-
ase, but is highly unlikely to be the causative event.
The above examples demonstrate that Alu inser-

ions are capable of causing genetic defects which
ead to human disease. Examples of this type are
eing found at an increasing frequency as the tools
or genetic analysis allow more mutations to be de-
ected. Finding 16 Alu-based insertion mutations in
he Human Genetic Mutation Database that con-
ains 14374 characterized human mutations sug-
ests that Alu elements contribute to approximately
.1% of human genetic diseases. This number agrees
ell with a previous calculation based on a similar
ataset of mutations where Alu and L1 insertions

BATZER
ere estimated to each contribute approximately
.075% of human mutations (16). In some cases, the
nsertional mutagenesis may make detection of mu-
ations easier, biasing the results in favor of the



d
t
p
m
i
s
f
f
t

t

m
i
g
i
q
s
g

o presen
e ene. D
p es an
e d lines
t gene s
etection of Alu insertions. However, many muta-
ion detection strategies are designed to identify
oint mutations, particularly in coding regions, and
ay overlook insertions, particularly if they occur in

ntrons. In addition, many new mobile element in-
ertions may be lethal during embryogenesis. There-
ore, it is likely that these estimates of insertion

FIG. 1. Schematic of Alu-induced damage to the human geno
f a new element in the vicinity of a gene. The colored boxes re
lements oriented in different directions in the introns of the g
robability of impact on the genome as shown. Panel B illustrat
lements in different introns of a gene. The arrows broken by dotte
hat one copy will have a deletion while the other will duplicate

Alu REPEATS AN
requencies are underestimates of the true contribu-
ion of new Alu insertions to human disease.

We expect that with increasing study of muta-
ions, it will be found that some genetic diseases are

fi
d
t
r

ore likely than others to result from retroposon
nsertion. It has certainly been observed that some
enes have a much higher Alu repeat content, mak-
ng it reasonable that they will have a higher fre-
uency of disabling Alu insertions. It has been ob-
erved that 2 out of 258 mutations in the FGFR2
ene were caused by Alu insertions (41). This is the

nel A illustrates some of the potential consequences of insertion
t various exons of the gene. The red arrows show existing Alu
epending on the site of insertion, the Alu element has varied

unequal, homologous recombination occurring between two Alu
show the path of the recombination event. The genes below show

equences. Either is likely to be deleterious.

187MAN DISEASE
me. Pa

D HU
rst case of multiple Alu insertion mutations being
etected associated with a single disease, suggesting
hat this genetic locus may be more susceptible to
etroposon insertions than other regions of the ge-
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ome. However, the number of insertions found so
ar is still fairly low making more definitive conclu-
ions difficult.

RECOMBINATION BETWEEN Alu
ELEMENTS ASSOCIATED WITH DISEASE

In addition to the potential impact of Alu element
nsertions in causing human disease, their disper-
ion throughout the genome provides ample oppor-
unity for unequal homologous recombination which
eads to a much higher level of mutations. Figure 1B
llustrates how this unequal recombination can
ause insertion or deletion mutations. When recom-
ination occurs between Alu elements on the same
hromosome, the result is that there is either dupli-
ation or deletion of the sequences between the Alus.
ecombination may also occur between Alu ele-
ents on different chromosomes, resulting in chro-
osomal translocations or more complex chromo-

omal rearrangements.
Table 2 presents a compilation of Alu/Alu recom-

ination events that have contributed to germ-line
isease with Alu-based recombination events asso-
iated with cancer shown in Table 3. There are many
ore recombination than insertion events contrib-

TA
Alu/Alu Recombinatio

Locus Distribution

3 LDLR Kindreds
3 a-globin Kindreds
3 C1 inhibitor Kindred
ys Hydrox. Kindreds
MD Kindred
DA One patient
po B One patient

ns. Rec. b One patient
-gal A One patient
PRT One patient
lat. Fibrinogen Receptor Kindred
hosphorylase kinase One patient
ALNS One patient
ntithrombin One patient
Y One patient
-HEXA Classic form of disease
3 Kindred
EXB 27% of patients

88 DEININGE
ting to disease and the table of recombination
vents is not intended to be exhaustive in presenting
ll of the Alu/Alu recombinations that have contrib-
ted to human disease. In addition, there are many

s
m
t
c

ecombination events that occurred between an Alu
lement and some other non-Alu-related sequence
hich may have been influenced by the presence of

he Alu element (42). Although single Alu elements
ay contribute specifically to such recombination

vents, we have made no efforts to collect those data.
he mutations resulting from Alu/Alu recombina-
ion include 33 mutations that are the result of
erm-line recombination and 16 mutations that are
he result of somatic events that led to cancer. Based
n the calculations in the previous section, the germ-
ine recombination mutants would represent about
.3% of mutants characterized. We expect that this
umber is an underestimate as mutation schemes
imed at detecting point mutants would often be
xpected to overlook large duplication and deletion
vents, and we have probably not reported all known
lu/Alu recombinations in the tables.
The data in Tables 2 and 3 show that Alu/Alu

ecombination events are highly biased towards spe-
ific genes. The first to show evidence for this was
he LDLR gene, which has at least eight indepen-
ent cases. It was also reported that these recombi-
ation events appeared to take place in a preferred

ocation within the Alu element (42,43). These data
uggested that Alu elements may represent hot

2
d Germ-Line Disease

Disease Reference

Hypercholesterolemia (63–67)
a-thalassaemia (68–71)
Angioneurotic adema (60,72)
Ehlers-Danlos syndrome (73)
Duchenne’s muscular dystropy (74)
ADA deficiency-SCID (75)
Hypo-betalipoproteinemia (76)
Insulin-independent diabetes (77)
Fabry disease (78)
Lesch-Nyhan syndrome (79)
Glanzmann thrombasthenia (80)
Glycogen storage disease (81)
Mucopolysaccharidosis type IVA (82)
Thrombophilia (83)
XX male (84)
Tay Sachs (85)
C3 deficiency (86)
Sandhoff’s disease (87)

BATZER
BLE
n an

R AND
pots for recombination by a mechanism that was
ore than simple homologous recombination. Mul-

iple Alu/Alu recombination events have also oc-
urred in the germ line involving two other genes.
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ven more striking is the preferential recombina-
ion seen in somatic recombination. The All-1 gene
hich participates in a high proportion of acute leu-
emias is another hotspot for Alu/Alu recombina-
ion. This includes intragenic recombination which
s the major cause of acute myelogenous leukemia in
ndividuals without a cytogenetic defect, as well as a
ossible contribution to recombination between the
ll-1 gene and other chromosomal loci in causing
ore complex cytogenetic defects associated with

eukemia (44–46).
The genes that show high levels of Alu/Alu recom-

ination tend to have a large number of Alu se-
uences. Although Alu density may help contribute
o this recombination, the correlation does not seem
o hold up upon analysis of other Alu-rich genes.
herefore, it seems likely that some other factor
ontributes to the high recombination rates seen in
hese genes and that the Alu elements are likely to
elp in that process rather than to be the primary
ause.
It has generally been found that longer stretches

f sequence identity allow more efficient homologous
ecombination and that 300 bp of imperfect se-
uence identity would represent a relatively ineffi-
ient target (47). Therefore, as Alu elements accu-
ulate random mutations after integration in the

enome their recombination potential gradually de-
reases. Thus, early in primate evolution when a
igh proportion of Alu elements were closer matches
o one another, Alu/Alu recombination may have
ontributed even more to the evolution and reshap-
ng of primate genomes.

Based on the above considerations, one might ex-
ect the much longer L1 family of elements to con-
ribute significantly to recombination, as well. Sur-

TA
Alu/Alu Recomb

Locus Distribution

10 3 ALL-1 (MLL) Somatic
2 3 BRCA1 Somatic and kindreds
MLH1 Two kindreds
TRE Somatic
RB Common
EWS Subset of Africans

Alu REPEATS AN
risingly, we are familiar with only two L1/L1
ecombination events in the human genome (48).
herefore, it would appear that: (1) L1 elements are

ocated in less recombinogenic regions of the human

r
b
r
h

enome; (2) the approximately 10-fold lower copy
umber of L1 elements is more than enough to offset
heir larger size in terms of probabilities of recom-
ination; (3) some basic property of the Alu elements
hemselves makes them recombinogenic; or (4) the
arger average spacing between L1 elements causes
he vast majority of L1/L1 recombination events to
e lethal. It is possible that all of these factors may
ontribute to this observed difference. Transient
ransfection experiments suggest that the third pos-
ibility may not be true since Alu sequences did not
ecombine more frequently than other control se-
uences (49). However, in their native chromatin
nvironment, or in specific cell types or cell stimuli
n vivo, Alus may still respond with higher recombi-
ation rates. We believe that the fourth possibility
ay be the dominant factor, however. The vast ma-

ority of Alu/Alu recombination events listed in the
ables represent recombination between Alu ele-
ents within the same gene. This limits the effect of

he recombination to a single gene defect. With their
ower copy number and tendency to be located be-
ween genes rather than in genes, L1/L1 recombina-
ion events are likely either to involve only inter-
enic regions or to involve a much larger region that
ay cause defects in several genes simultaneously,

esulting in loss of viability.
There is growing evidence that repetitive DNAs

ontribute to disease either through the mutations
hey cause during the retroposition process that
orms them (16,50) or through recombination pro-
esses involving unequal cross-overs of repetitive
lements. These recombination events may involve
epetitive sequences of various repetition frequen-
ies with the likelihood that longer and more perfect

3
on and Cancer

Disease Reference

cute myelogenous leukemia (88–90)
reast cancer (91,92)
NPCC (93)
wing’s sarcoma (94)
ssociation with glioma (95)
rotective against Ewing sarcoma? (96)

189MAN DISEASE
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epeats that are near one another probably recom-
ine well, while short, mismatched repeats (like Alu)
ecombine relatively poorly. However, the extremely
igh copy number of Alu elements makes them a
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ajor factor in the molecular basis of human dis-
ases.
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