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Most Human Alu and Murine B1 Repeats Are Unique
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Abstract Alus and B1s are short interspersed repeat elements (SINEs) indirectly derived from the 7SL RNA gene.
While most researchers recognize that there exists extensive variability between individual elements, the extent of this
variability has never been systematically tested. We examined all Alu elements over 200 nucleotides and all B1 elements
over 100 nucleotides in the human and mouse genomes, and analyzed the number of copies of each element at various
stringencies from 22 nucleotides to full length. Over 98% of 923,277 Alus and 365,377 B1s examined were unique when
queried at full length. When the criterion was reduced to half the length of the repeat, 97% of the Alus and 73% of the
B1s were still found to be a single copy. All single and multi-copy sequences have been mapped and documented.
Access to the data is possible using the AluPlus website http://www.ibr.hawaii.edu. J. Cell. Biochem. 102: 110-121,
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Human Alus [Deininger et al., 1981] and
mouse Bls [Krayev et al.,, 1980] are short
interspersed elements (SINEs) indirectly
derived from 7SL RNA, a signal recognition
particle involved in translation of eukaryotic
secreted proteins [Ullu and Tschudi, 1984].
These repeats occupy a significant portion of
the human (10.7%) and mouse (2.7%) genomes
[Lander et al., 2001; Waterston et al., 2002]. The
human Alu is a dimer consisting of two similar
elements, linked by a short poly-A chain with a
total length of approximately 300 nucleotides
(nt) [Jurka and Milosavljevic, 1991; Quentin,
1992]. The mouse B1 is a monomer of approxi-
mately 140 nt in length, with an internal
29-nucleotide duplication [Labuda et al.,
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1991]. The Alu 5 monomer (FLAN) shares
significant homology with certain proto-Bl
(pB1) sequences [Quentin, 1994]. It is believed
that Alu and B1 sequences are propagated by a
reverse transcriptase encoded by the L1 family
of long interspersed repeat elements (LINEs)
[Schmid, 1998]. While there is no confirmed
function for Alu or B1 elements, various stress
conditions increase both expression [Chu et al.,
1998] and Ll-mediated retroposition [Hagan
et al.,, 2003], suggesting the possibility of
function [Schmid, 1998].

Alu and B1 sequences are preferred methyla-
tion targets [Hellmann-Blumberg et al., 1993;
Kochanek et al., 1993; Jeong and Lee, 2005],
accounting for 33% of the total genomic methy-
lation sites [Schmid, 1998]. In the genome, Alu
and B1 sequences appear to be preferentially
distributed in GC-rich regions [Lander et al.,
2001; Waterston et al., 2002]. The B1 distribu-
tion of the mouse genome exhibits a greater
correlation with the Alu content of the ortho-
logous areas of the human genome than with the
immediate GC-density [Waterston et al., 2002].
This suggests that genomic features, which are
correlated with but distinet from GC-content,
may determine Alu/B1 distribution [Waterston
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et al., 2002]. On chromosomes 21 and 22, a
positive correlation exists between the dis-
tribution of Alus and exons [Blinov et al.,
2001]. Notably, Alus are not uniformly dis-
tributed across chromosomes [Grover et al.,
2003, 2004].

Alu subfamilies are classified by age. The
oldest, Jo and Jb, were derived from a single
ancestral gene 81 million years ago [Kapitonov
and Jurka, 1996]. The intermediate S subfami-
lies (Sx, Sp, Sq, and Sc) have an estimated age of
approximately 35—48 million years [Jurka and
Milosavljevic, 1991]. The youngest group, pre-
viously known as Sb, includes the Y subfamilies
[Rowold and Herrera, 2000]. It is estimated
that some of the Y Alus may be as young as 3—
4 million years [Kapitonov and Jurka, 1996],
and some of these may still be undergoing active
retroposition [Jurka et al., 2002].

Both the human and mouse sequencing
projects reported a large variation between
individual Alus and Bls, ranging from 1% to
40% from the consensus sequence [Lander et al.,
2001; Waterston et al., 2002]. A recent classifi-
cation of approximately half of all human Alus
resulted in the identification of over 200
subfamilies [Price et al., 2004]. These results
imply that significant variability exists in the
sequences of 7SL SINEs. In this manuscript, we
verify whether there exists sufficient variability
in Alu and B1 sequences to enable generation of
sequence specific primers and probes.

MATERIALS AND METHODS
Software

Bioperl was used with Ensembl’s release 31
Perl API libraries [Hubbard et al., 2005], GNU
bash version 3.00.00 and Perl version 5.8.5 for
scripting, GNU gcc version 3.3.4 for handling
procedures that required enhanced perfor-
mance and MYSQL version 12.22 for storing
Ensembl data as well as the primary data
repository. Analyses were performed on an Intel
platform running SUSE version of Linux (dis-
tributed by Novell).

Identification of Alu and B1 Repeats

RepeatMasker version 3.1.0 from http://
www.repeatmasker.org [Smit et al.,, 1996—
2004] was used to identify Alus and Bls in the
FASTA files from human and mouse genomes
release 31 from Ensembl’s website (http://

www.ensembl.org/index.html). RepeatMasker
requires two external packages—WU-BLAST
[Gish, 1996—-2004] to compare sequences and
Repbase libraries [Jurka et al., 2005] that
contain SINE repeat consensus sequences.
The repeat libraries release from January 12,
2005 and WU-BLAST version 1.05 were used in
our analyses. The addresses and lengths of Alu
and B1 sequences were taken directly from the
RepeatMasker’s “out” files. These addresses
include the poly-A tail at the ends of the
sequences. Addresses and lengths of genes were
taken directly from Ensembl release 31. A total
of 1,160,797 human Alus and 498,420 mouse
B1s were identified. These values corresponded
to 9.9% of the human and 2.2% of the mouse
genome and compared favorably with recent
estimates reported in the literature [Waterston
et al., 2002].

The repeats were identified and loaded into a
MYSQL database using custom Perl and bash
scripts and ‘C’ coded executables. The reports
were generated from the database using custom
Perl scripts. All custom programs and scripts as
well as database schema are available from
http://www.IBR.hawaii.edu.

Our search for Alu sequences greater than
200 nt and B1 sequences greater than 100 nt
identified 923,280 Alus and 365,382 Bls.
A previous report identified 930,250 Alu
sequences with lengths greater than 200 nt
[Dagan et al., 2004], closely matching the above
estimates for the number of Alu repeats. A total
of 5 B1 repeats contained at least 1 ‘N’ nucleo-
tide—indicating incomplete sequencing. These
five were excluded from the data set. Further,
three Alus contained at least one ‘N’ nucleotide
and were subsequently excluded from the
data set.

Scanning the Human and Mouse Genomes for
Copies of Alu and B1 Repeats

As the focus of this study was on near-full
length sequences that might potentially have a
function, we restricted our search to Alus and
Bls greater than 200 and 100 nt, respectively.
Alu sequences over 200 nt and B1 sequences
over 100 nt were extracted from Ensembl’s
FASTA files using their address as determined
by RepeatMasker. Each Alu and B1 element
was then compared to its respective genome
using BLAST [Altschul et al., 1997] from
NCBI (http://www.ncbi.nlm.nih.gov/BLAST/)
to search for matches. The word size was set to
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200 for Alus and 100 for Bls and other
parameters were left at their default values.

BLAST default behavior is to filter low-
complexity repeat sequences, including poly-A
tails found on many Alus and Bls. To avoid
these artifacts, we used BLAST with the
filtering flag off. In all references to percent of
sequence length the length of the Query, not the
Target sequence will be considered.

Self-Validation of BLAST Results

RepeatMasker uses WU-BLAST to identify
repeats. In a separate approach, we used NCBI-
BLAST to align these repeats with the entire
human and mouse genomes. Using two differ-
ent implementations of BLAST provided an
important control for the results produced by
both programs. RepeatMasker reported a set of
sequences it identified as Alus and B1ls. When
these sequences were aligned against the source
genomes using NCBI-BLAST, every sequence
was matched at least once against itself and all
matches were limited to the set of sequences
identified by WU-BLAST.

Validation

We randomly selected 3,500 Bls from the
358,574 B1 sequences identified as single copy
at full length and 100% identity and matched
them against the entire mouse genome using a
custom pattern matching application. Each of
the 3,500 B1s corresponded to a single locus in
the mouse genome. We also randomly selected
10,000 single-copy Alus as well as 675 3-copy
Blsand 686 4-copy Alus, all based on full length,
100% identity. All were checked using the same
custom pattern matching application. In each
case, the results were identical to the ones
reported by BLAST.

Scanning the Alu and B1 Repeat
Sequences With Respect to One Another

The relatively large 200/100 nt word size
allowed the alignment of every Alu and Bl
repeat with the entire source-genome, but also
introduced some limitations. For example,
when using BLAST to identify sequences iden-
tical to relatively short SINE queries, a word
size of 100 can prevent detection of elements
differing by a single nucleotide. To address this
problem BLAST was run using a 22 nt word size
on all selected Alu and B1 sequences (i.e., those
over 200 and 100 nt) with respect to one another.
As we were primarily interested in 100%

identity matches, gapped alignment was
suppressed. As a control for this analysis, we
also ran an un-gapped self-BLAST with 22 nt
word size on human and mouse RefSeq
transcripts [Pruitt et al., 2005]. To prepare
control data that would be comparable to Alu
and B1 databases, the long sequences of human
and mouse RefSeq FASTA files were fragmen-
ted into sequences of 295 nt for human and 131
nt for mouse. These numbers were selected to
match the average lengths of Alus and Bls in
the data sets. Next, NCBI-BLAST was used to
perform an un-gapped alignment of these
fractions against the unfractionated RefSeq
databases with 22 nt word size. All parameters
were identical to those used for Alu/Bl self-
BLAST.

Determining the Positions Relative to
Genes and the GC Content of the DNA

The population of SINEs over 200/100 nt was
sorted into four libraries: SINEs located within
(i) introns (intronic), (ii) exons (exonic), (iii) 500
nt of genes (close), or (iv) more than 500 nt from
any gene (distant). For each library, the percen-
tage of GC-nucleotides was computed based on
the total number of GC and AT nucleotides.
If other nucleotides were found within the
sequence (e.g., ‘N’), these nucleotides were not
used in the calculation. The GC content of the
chromosomal DNA, defined as the DNA within
one repeat length 5’ and 3’ to the SINE, was also
computed. These calculations were performed
using custom software. As a control, the same
program was used to compute the GC content of
the entire human and mouse genomes. The
results were 41% GC content for human and
42% for the mouse, which is identical to that
reported [Lander et al., 2001; Waterston et al.,
2002].

Determining Age-Based Distribution
of Alu Repeats

Using results of the NCBI-BLAST at a 22 nt
word size, we classified all repeats based on the
number of times they were found in the data set
at 100% identity over 200 nt. The 200 nt length,
which represents approximately 68% of the
average Alu length in our dataset, was chosen
to allow for mutations. These repeats were
classified as single copy, 2-10 copy, 11—
100 copy, and greater than 100 copy. Within
these categories we used RepeatMasker’s
Repbase classification to separate repeats into
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broad age-based categories—oldest, inter-
mediate and youngest—corresponding to the
dJ, S, and Y subfamilies.

Detection of Full Length Exact Alu Copies

To detect full length exact copies of Alus we
search the database of BLAST hits for all Alus
(source) that matched at full length and 100%
identity to different Alus (target) of the same
length. The data were then validated by verify-
ing that the target Alus also matched the source
Alus at full length and 100% identity.

Segmental Duplication

To check if perfectly matched Alus resulted
from segmental duplications, we adapted a pre-
viously published approached [Cheung et al.,
2003]. We generated 5,000 nucleotide segments
around the perfectly matched elements by
extending the sequences 2,500 nucleotides in
both directions. The sequences were then self-
aligned and matches longer than 4,000 nucleo-
tides at 90% or greater identity were identified
as results of possible segmental duplications.

Statistical Analysis

Standard linear model and exact permutation
statistical procedures were used to analyze the
data in this study. Continuous variables were
characterized by a point estimate of central
tendency. Underlying normality was assessed
using multivariate log-normal plots. When
necessary, an appropriate normalizing and/or
variance stabilizing transformation were applied
to the data. P-values < 0.05 were considered to
be statistically significant. When appropriate,
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statistical models were adjusted for multiplicity
using a sequential Bonferroni correction.

RESULTS

Most Alu and B1 Nucleotides Are in
Sequences of Greater Than 200 and 100

We selected the entire populations of human
Alu sequences of length greater than 200 nt and
mouse B1 sequences of length greater than 100 nt.
These minimum length requirements were
imposed because, if SINEs do have a normal
physiological function as non-coding RNA [Liu
et al., 1995; Chu et al., 1998; Hagan et al., 2003;
Vila et al., 2003], the function would more likely
be retained in repeats that are closer to their
consensus length. The average length for the
selected Alus was computed to be 295 nt and for
the selected Bls 131 nt. We found that 90% of
Alu nucleotides occur in sequences greater than
200 nt (Fig. 1A), and 83% of B1 nucleotides occur
in sequences of greater than 100 nt (Fig. 1B).

Most Human Alus and Mouse B1s Are
Single-Copy Sequences

We searched the entire human genome for
Alus greater than 200 nt using BLAST [Altschul
et al., 1990] and found that, when requiring
100% identity over full length, over 98% are
single-copy sequences (Table I). Of the remain-
der, most tended to be 2—10 copy sequences and
a small percentage of Alus had up to 450 copies.
Werefer to every repeat sequence that at a given
set of criteria contains more than one exact copy
in the genome as a multi-copy sequence. We also
mapped the entire population of mouse Bl

B Distribution of Mouse B1s by Length

40 T
35 -
+
30
‘s
S 25
® *
o 204 *
8
18 4 -
i
10 - *
*
" L
L= T T T

0 20 40 60 B0 00 120 140 160 180 200
B1 Length (bp}

Distribution of (A) Alu and (B) B1 sequences by length in nucleotides.



114

Umylny et al.

TABLE I. Copy Number of Human Alus and Mouse Bls

Human Mouse
No. segs. % Alu repeats No. segs. % B1 repeats
Total 923,277 365,377
Matched 923,277 100 365,377 100
Copy no.
Single 911,156 98.7 358,574 98.14
2-10 11,487 1.2 5,649 1.55
11-100 489 0.05 1,149 0.031
101-200 103 0.01 5 0.001
201-1000 42 0.005 0 0
Highest 450 190

Copy number of human Alus and mouse B1s from the respective genomes matched at 100% identity over

full length.

sequences of length greater than 100 nt to their
genomic locations. Our search of the complete
mouse genome for Bl sequences using the
same criteria, that is, 100% identity over full
length, found that over 98% were single-copy
sequences. As in the case of human Alus, most of
the repeated Bls tended to occur 2—10 times
and a small percentage of Bls had up to
190 copies (Table I).

Using a word size of 200 nt for the Alu BLAST
and 100 nt for the B1 BLAST search was an
efficient method for finding full length, 100%
matchesin the genome, but limited our ability to
identify shorter matches as well as SINEs with
a single mutation. We therefore performed a
second set of experiments in which we used
BLAST with a 22 nt word size to compare every
Alu and B1 sequence against the entire popula-
tion of the respective repeat elements. The
percent of Alus and Bls that were single copy

was plotted as the criterion was gradually
relaxed from a 100% match at full length to a
100% match at 22 nt (Fig. 2). We found that
when the match size approached half of the
average size of the repeat, 97% of the Alus and
73% of the Bls were still single copy. No Alus
and only 7.3% of B1 sequences were unique at a
match length of 22 nt.

For comparison, we performed the same
analysis on a data set of known mRNA
sequences taken from the RefSeq database of
known transcripts, as described in Materials
and Methods (Fig. 2). At full length, Alus and
Bls contain a larger proportion of single-copy
sequences than RefSeq fractions of the
same length. However, at shorter lengths the
relationship between individual Alu and B1
elements becomes obvious. Below a certain
length—approximately 24% (70 nt) for Alus
and 30% (40 nt) for Bls—the percentage of

100 -
. -
a -
o
u -
2 504
E‘ 4 Alu (Human)
0 RefSeq (Human)
= #- B1 (Mouse)
i - RefSeq (Mouse)
1 . —
0 100 150 300

Length of Identical Match

Fig. 2.

Single-copy content based on the length of the match. The criterion for the length of identical match

was gradually decreased from full length to 22 nt in human Alus (diamonds), and mouse B1s (squares). These
were compared to human RefSeq transcripts (triangles) and mouse RefSeq transcripts (circles).
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single-copy SINE sequences declines dramati-
cally, while the percentage of single-copy
RefSeq fractions declines at a much slower
pace. For example, below 35 nt nearly all Alus
are multi-copy sequences (Fig. 2). While the
poly-A tails and Alu linker regions could
be the causes of these very short matches, we
believe that further analysis of identical por-
tions of Alus and B1s might prove interesting.

Distribution of the Multi-Copy SINES

Our criteria for single-copy SINEs implied
that the corresponding criteria for multi-copy
SINEs were very strict; that is, two sequences
had to contain 100% identity along the full
length to be called copies. However, even at this
high level of stringency, we found a significant
number of these repeat. We examined
these multi-copy repeats in several ways. First,
we questioned whether multi-copy Alus were
restricted to the youngest Alu subfamilies, since
these were the most actively transposing
elements in recent evolutionary history. We
found that while most highly repeated Alus with
more than 11 copies belong to the youngest
subfamily, those with 2-10 copies, which
represent the bulk of the multi-copy elements,
have a distribution that is quite similar to the
distribution of all Alu repeats (Tables IT and III).
The age-based distribution of Alus with 2—
10 copies was not found to differ significantly
from the age-based distribution of all Alus
(P=0.23). Over 62% of all Alus with multiple
copies belong to the oldest and intermediate
subfamilies (Table II). Furthermore, even at
200 nt, 94% of the youngest Alus were single-
copy sequences (Table III).

Distribution of Multi-Copy Alus
and B1s by Chromosome

We examined the distribution of multi-copy
7SL RNA SINEs by chromosome. In human and
mouse, chromosome Y is enriched for multi-copy

Alu (Fig. 3) and B1 (Fig. 4) elements. However,
both single and multi-copy Alus and Bls are
found on all chromosomes. For example,
Alu 1:57,691, which is 208 nt long and has
450 matches (Fig. 5) is distributed on all
chromosomes, with the number of copies being
nearly proportional to the length of the chromo-
some. This particular sequence also intersects
or lies in proximity of 140 different genes
(Table IV).

Some Multi-Copy SINEs Are Truncated
Forms of Larger SINE

We analyzed the structure of the multi-copy
Alu with the highest copy number, the 209 nt
Alu 1:57691, which is repeated exactly 450
times at full length and 100% identity. We
found that all 449 copies were larger than Alu
1:57691 (Fig. 6), indicating that Alu 1:57691 is
nested within 449 other, larger Alus. When we
analyzed the number of times each of the
449 copies of this Alu was, itself, repeated
exactly, we found that approximately one third
(157) of them are single-copy elements (Fig. 6).
The remaining 292 sequences could be divided
into two multi-copy categories. Repeats in the
first category are truncated versions of larger
copies and vary in length (e.g., 4:45326).
Elements in the second category, represented
as the steps in Fig. 6, are exact, full-length
copies of each other. One example is Alu
5:50201, which is repeated exactly 67 times.
Interestingly, the 67 copies of this Alu are
distributed over all chromosomes (Fig. 5).

Alu and B1 Sequences Appear to be GC-Rich
and Their Surrounding Sequences Have
GC-Content Comparable to the Genome

The sequences flanking human Alus (see
Materials and Methods) have GC-content
equivalent to that of the human genome
(Table V, P>0.05), while the Alu sequences
appear to have significantly higher GC-content

TABLE II. Distribution of Human Multi-Copy Alus by Age and Copy
Number

% of total multi-copy Alu repeats

Age Subfamily 2-10 Copies 11-100 Copies >100 Copies
Oldest J 18 1 0
Intermediate S 58 2 0
Youngest Y 24 97 100

Total % 83 7 10

A sequence is defined as multi copy if it had more than one 100% identity match over 200 nt.
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TABLE III. Distribution of Human

Alus by Age
% of all Alu
Subfamily repeats
% Single Single

Age Name copy Total copy
Oldest J 99 22 23
Intermediate S 98 63 63
Youngest Y 94 15 14

A sequence is defined as a single copy if it had only one 100%
identity match over 200 nt.

(P<0.0001). Mouse Bls, likewise have GC-
content significantly higher than the genome
(P <0.0001), while the GC-content of the sur-
rounding sequences may actually be slightly
lower than the average for the genome
(P=0.04).

Full Length, Exact Alu Copies do not Appear
to be the Result of Segmental Duplications

We differentiated between what we term
nested exact copies and full length exact copies
of Alus. A nested exact copy is an exact copy of a
full length Alu that is also contained within a
different Alu at another chromosomal location
(for e.g., Alu 1:57691 is nested within 449 other,
longer Alus, as shown in Fig. 6). A full length
exact copy of an Alu is an Alu located at another
chromosomal location that is an exact copy of
the first, without having any additional Alu
sequences (for e.g., Alu 5:50201 is repeated
exactly 67 times throughout the genome, 100%,

25 -

full length, and none of these copies have
additional recognizable Alu sequences, as
shown in Fig. 6). We detected a total of
10,139 Alu sequences that are full length, exact
copies of other Alus at full length 100% identity.
These elements appear to be well distributed
with respect to genes (Table VI) and subfamilies
(Table VII). Our check for duplicated DNA
segments indicated that propagation of only
112 of these Alus could be attributed to
segmental duplications. The copy numbers of
these full length, exact copies were lower than
for the total number of repeated Alus (compare
Tables I and VIII).

AluPlus Website

The database of SINE relationships used in
this study is available online via the
AluPlus system (http://www.ibr.hawaii.edu).
This system provides access to the integrated
database of nucleotide sequence-based relation-
ships between 7SL RNA-derived sequences for
humans (Alus) and mouse (B1s) combined with
Ensembl-based genomic feature information. A
list of Alus or B1s that match the search criteria
with their genomic locations, complete nucleo-
tide sequences and copy number is generated
with each search. Additionally, a search for a
particular Alu/B1 sequence will provide infor-
mation regarding genomic features (genes,
introns, and exons) that all copies of that
sequence intersect. The user also may supply a
number of nucleotides that define proximity
around known genes. Alus/B1s that lie closer to
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the genes than the user-defined proximities
will be flagged. Currently, four methods are
provided to access the data: search by repeat
sequence, search by gene sequence, search by
gene id(s) and browse by copy number.

DISCUSSION

We have demonstrated that most Alu and B1
sequences are unique by using BLAST to look
for exact matches of each element throughout
the entire genome. The criteria for finding 100%
matches at full length is admittedly strict, even
at 50% of their lengths, greater than 97% of Alus
and 73% of Bls were identified as single-copy
sequences. While older Alu sequences were

expected to be over-represented among the
single copy repeats, we found that the youngest
Alus are also predominantly single copy (94%,
Table III). Alus with the highest copy number
tended to be younger (Table II), however,
more than half of all multi-copy Alus corre-
sponded to the oldest and intermediate (J and S)
subfamilies (Table II). In this analysis, we used
Repbase to classify Alus and B1s [Jurka et al.,
2005]. While a more recent approach for
classifying Alus has been developed [Price
et al., 2004], our use of RepeatMasker was
limited to identifying repeat sequences
and classifying them into broad age-based
categories (young, intermediate, and old). For
these limited purposes, we found Repbase to be

5.0 4
i Alu 1:57891
-~
@ 4.0 4
Eg
=)
0 F il
€3
3 1
5 LETE
b E ] Alu 5:50201
32 3§ n [ - '
(LT AN A A r
Jud W oA S \‘-\-" v A ’
- L ' | "
04 l—H—l’
T rrryrrrrrreryrrerorrryrevororea
20 Xy
Chromosome

Fig. 5. Distribution of the Alu sequences 1:5769

1 and 5:50201 copies by chromosome. Distribution of the
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particular chromosome that is identified by these

sequences.
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TABLE 1IV. Distribution of Alu Sequences
1:57,691 and 5:50,201 by Category of Position
Relative to Genes

No. of position type

Category Alu 1:57,691 Alu 5:50,201
Close 5(4) 1
Intronic 126 (125) 23
Exonic 9(2) 1
Far 193 42

‘Close’ indicates that the sequence was within 500 nt of at least
one gene; Intronic’ means that the sequence was within at least
one intron; Exonic’ means that the sequence was within at least
one exon; Distant’ means the sequence was more than 500 nt
from the closest gene. Numbers in parenthesis are actual
numbers of unique addresses. A single unique address occa-
sionally corresponds to multiple genomic features (e.g., one
address could be in proximity of more than one gene, or overlap
more than one exon or intron).

an adequate classification scheme. In our
analysis of Alu 1:57691, the Alu with the highest
number of exact copies, all copies were found to
be from the same younger family, AluYa5. This
is expected based on the current models for Alu
and B1 propagation.

These data have implications for our under-
standing of 7SL RNA-derived SINEs within
both human and mouse genomes, and for the
expression patterns of genes. Indeed, 7SL RNA

SINEs conceivably could be classified as single
copy and multi-copy sequences. While single-
copy sequences outnumber the multi-copy
sequences, both might provide useful tools for
the understanding of genome structure and
function. The distribution patterns of both
human Alus and mouse Bls show an accumula-
tion in the relative number of multi-copy
sequences on chromosomes Y of both species
(Figs. 3 and 4). More than 71% of all Bls on
mouse chromosome Y are multi-copy. For
humans, the number is slightly greater than
25%. This is distinctly different from 1% to 5%
on other mouse and 0.3% to 4% on other human
chromosomes. This enrichment of chromosome
Y with multi-copy sequences may be related to
previous observations that chromosome Y
appears to be enriched for younger AluY
sequences [Jurka et al., 2002].

Asillustrated in Figure 6, the few Alu repeats
that do fulfill our strict criteria for being multi-
copy reveal an interesting pattern. Most of the
multi-copy repeats were truncated versions of
larger Alus, suggesting that some Alus were
copied exactly and then portions were mutated
at least once. However, some like Alu 5:50,201
were repeated exactly several times. These
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Fig. 6. Genomic Distribution of Alu 1:57691. Exact multi-copy
Alus are sometimes truncated versions of slightly larger Alu
sequences, but are also repeated as complete exact copies. To
represent the complex nature of multi-copy Alus, we plotted each
of the 450 exact copies of Alu 1:57691 with respect to size (blue
line, right scale) and with respect to how many times each of
these copies are, themselves, exactly copied (purple line, left
scale). Of the 450 Alu sequences that contain exact replicas of
Alu 1:57691, 157 w ere single copy by our strict criteria (far left).

Of particular interest are steps, which represent Alus that are
exact, complete copies of each other. The largest step contains 67
complete copies of Alu 5:50201 (an arbitrary representative of
this smaller family), a 309 nt Alu, each of which also contains an
exact replica of the smaller, 208 nt Alu 1:57691. Finally, to
further illustrate the relationship between exact repeats, we plot-
ted all the Alus that also contain an exact repeat of Alu 4:45326 as
brown points. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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TABLE V. GC Content of Human Alus and
Mouse Bls

Intronic Exonic Close Far

Alu sequence 52% 52% 52% 51%
Surrounding sequence 41% 43% 44% 40%
% of sequences 44% 0.5% 1.0% 54%

B1 sequence 50% 50% 51% 50%
Surrounding sequence 39% 41% 41% 39%
% of sequences 45% 0.6% 1.2% 53%

GC content of human Alus and mouse B1s and their surround-
ing sequences. The surrounding sequences were defined as one
length of the repeat in both directions.

exact repeats were distributed throughout the
genome on 20 chromosomes (Fig. 5). In this case,
it appears that the truncated version of the
original Alu was transposed 67 times.

Comparisons between percentage single copy
of Alus/B1s and corresponding RefSeq fractions
indicate that at greater than 50% length, Alus
and Bls have a higher percentage of single-copy
elements than the RefSeq segments. The rela-
tive prevalence of multi-copy sequences among
the RefSeq fractions might be explained by exon
shuffling [Margulies and McCluskey, 1985]
and/or gene duplication. A higher percentage
of single-copy mouse RefSeq fractions compared
to human RefSeq fractions also might indicate
that exon shuffling and/or gene duplication is
more prevalent in the human genome. Another
possibility is the presence of non-Alu repeats
within RefSeq sequences. However, analysis
using NCBI-BLAST with filtering on produced
results very similar to Figure 2 (unpublished
data).

Alus are over expressed in cancerous tissues
[Vila et al., 2003; Gibbons and Dugaiczyk, 2005]
and in other stressful conditions [Chu et al.,
1998; Hagan et al., 2003]. By determining that
most Alus are single-copy sequences, it is now
possible to identify individual Alus that are
over- or under-expressed under certain condi-

TABLE VI. Distribution of Exact, Full
Length Alu Copies With Respect to Genes,
Introns, and Exons

Genomic Number of Distribution Distribution
location  elements (%) of all Alus (%)
Close 151 1.5 1.0
Distant 6,587 65.0 54.0
Introns 3,343 33.0 44.5
Exons 58 0.5 0.5

Total 10,139 100 100

Close elements are within 500 nucleotide of a gene, distant
elements are more than 500 nucleotides from a gene.

TABLE VII. Distribution of Exact, Full
Length Alu Copies With Respect
to Subfamilies

Distribution Distribution of all
Subfamily (%) Alus (%)
J 22 22
S 57 63
Y 21 15
Total 100 100

tions and trace them back to their genomic
locations. An ability to differentiate between the
Alus may lead to a better understanding of
regulation of both expression and splicing.
Other studies have shown significant dif-
ferences in methylation of Alus in haploid and
developmental cells [Hellmann-Blumberg
et al., 1993; Kochanek et al., 1993], as well as
significant methylation of mouse B1 sequences
[Jeong and Lee, 2005]. Preliminary data from
the work at hand suggests significant changes
in expression of Bl-containing genes in devel-
opmental and spermatogenic cells (unpublished
data). This change in expression, combined with
an ability to explicitly determine changes in
methylation of specific B1 sequences, may help
answer questions regarding Alu/Bl function.
For example, the human Alu sequence 1:57691
is represented on all chromosomes (Fig. 5) and
copies of it lie within, or in close proximity to,
140 genes (Table IV). If Alu sequences are
preferred methylation targets [Schmid, 1998],
the distribution of multi-copy sequences
throughout the genome could be providing a
common regulatory mechanism for a large
number of genes. The apparently random
distribution of addresses corresponding to
multi-copy sequence 1:57691 also may clarify
the retroposition mechanism for these repeats.
In this respect, the genome wide distribution of

TABLE VIII. Copy Number of Exact, Full

Length Alu Copies
Copy number No. of Alus
2 7,222
3 1,590
4 544
5 215
6—10 358
11-50 143
67 67
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1:57,691 indicate that the target address for
retroposition is independent of the original
source.

Another interesting question is raised by the
presence of 10,139 Alu elements that have at
least one exact copy. These elements are present
in exons, introns, around genes, and in more
remote areas of the genome (Table VI). They are
also well distributed with respect to subfamilies
(Table VII). In fact, it is interesting that both the
old (J) and intermediate (S) are well repre-
sented among the perfectly matched multi-copy
Alus. Based on our results, only 112 of these
Alus can be accounted for by segmental duplica-
tions. It is therefore possible that approximately
2,200 J and 5,800 S Alus are either relatively
recent or they have been protected from muta-
tion for tens of millions of years.

These data present a novel, though not
unexpected view of Alu and B1 repeats in the
human and mouse genomes. While it was not
unexpected that each Alu and B1 element would
have a unique portion, by comparing each
sequence to the entire genome using BLAST
we quantified the extent of this identity. We
have also created a website to allow access to
this information. Some uses of this website are:
(i) search by repeat sequence. If the researcher
has part of a repeat sequence, he/she may
search the database using this sequence and
retrieve a list of repeats that match the
sequence. An example would be [Hellmann-
Blumberg et al., 1993] where a primer was used
to identify a subset of Alus. Using AluPlus the
researchers may obtain the list of Alus hybri-
dized to the primer and information about these
repeats can be accessed; (ii) search by gene id(s).
Given a list of genes (e.g., from a microarray
experiment), the user is able to obtain a list of
repeats that lie within or just outside these
genes. The distance that a sequence may lie
outside the gene is controlled by proximity
parameter. Several studies have shown that
Alus and Alu-containing genes are over
expressed in oncogenesis [Vila et al., 2003;
Gibbons and Dugaiczyk, 2005]; our studies have
indicated that coding Bls also are over
expressed in embryonic and spermatogenic cells
(unpublished data).
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